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ABSTRACT 
A instrument has been developed for measuring the velocity 
of solid particles adjacent to the pipe wall in a solids-
liquid pipeline. It has been based on the Doppler shift 
principle and employs ultrasonic methods for detecting the 
bed-load particle velocity. Its application is in the 
mining industry for meastiring the bed-load velocity of high 
concentration slurries such as in tailings and backfill 
hydraulic pipelines. 
Analyses have been conducted to investigate methods for 
increasing the accuracy of detecting the bed-load particle 
velocity. These methods have been implemented in the design 
of the transducer and the electronic circuitry. The system 
was tested using a simulation test-rig, hydraulic test-loops 
and at two industrial mining locations. 
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the causes of spectral spreading 
Standard deviation of DFBID signal 
standard deviation of DFsos signal 
Standard deviation of Doppler signal due to 
transit time broadening 
Crystal beamwidth measured from the normal 
Orientation angle of the Rx. (angle between normal 
of Rx. crystal face and particle velocity) 
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eT Orientation angle of the Tx. (angle between normal 
of Tx. crystal face and particle velocity) 
6f0 Total 3dB bandwidth of the Demodulated Doppler 
6x 
6Cl'R 
6Cl'R-(H) 
6cpR + ( H) 
6cpR' ( H) 
6cpT 
6cpT-(H) 
6cpT + ( H) 
6cpT' ( H) 
cp 
cp( t) 
signal 
Insonif ied volume dimension in the direction 
of the particle velocity 
Rx. particle angle 
Hz 
mm 
0 
Rx. -3dB particle angle where 6Cl'R-(H) < 6Cl'R'(H) 
Rx. -3dB particle angle where 6cpR+(H) > 6cpR'(H) 
Rx. particle angle for TLp(H,6cpR'(H)) = TLp(H) 
Tx. particle angle 0 
Tx. -3dB particle angle where 6cpT-(H) < 6'PT'(H) 
Tx. -3dB particle angle where 6cpT+(H) > 6cpT'(H) 
Tx. particle angle for TLp(H,6cpT'(H)) = TLp(H) 
Half angle beamwidth 
Phase of demodulated Doppler signal 
Accuracy in terms of an error term of 
determining the mean Dop ler frequency 
rad 
Improved error term using a larger response time 
Wavelength in transmission medium mm 
Unit delay time of cross-correlation function 
µ.s 
DORR Filter response time s 
Transit time (time taken for particles to travel 
across the insonif ied volume in the direction of 
the particle velocity)' s 
xxiii 
Standard deviation of Doppler signal due to finite 
bandwidth broadening 
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CHAPTER 1 
INTRODUCTION 
An instrument was developed for measuring the velocity of 
solid particles adjacent to the pipe wall in a solids-liquid 
pipeline. The instrument is suitable for high concentration 
slurries. 
In the mining industry, solids are often transported in the 
form of a slurry hydraulically in pipelines with water as 
the carrier medium for the slurry. Mine tailings and 
backfill slurries are two examples of the type of material 
conveyed hydraulically. The hydraulic transport of these 
materials is most economical when the slurry concentration 
is as high as possible and the solids are conveyed in the 
dense phase flow or stabilised flow regimes [Ref. 23]. In 
these regimes a bed-load (consisting of stationary or 
sliding particles supported by the pipe) invariably exists. 
1 
The instrument is ba ed on the Doppler shift principle and 
employs ultrasonic methods for detecting the bed-load 
velocity. For this reason the instrument is referred to as 
an Ultrasonic Doppler Bed-load Velocimeter (UDBV), or simply 
as a Velocimeter. Doppler ultrasonic flowmeters are 
presently commercially available for measuring the average 
flow velocity of low concentration slurries. However, the 
present bed-load Velocimeter specifically measures the 
velocity of those particles close to the pipe wall (usually 
on the pipe soffit too, hence the term bed-load) and is thus 
specifically applicable for high concentration, dense phase 
or stabilised flow slurries. 
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Reasons for measuring the velocity of bed-load particles 
rather than the convention of measuring mean mixture 
velocities (with a flowmeter) are: 
2 
To detect incipient pipe blockage by monitoring the 
particles which deposit and stop moving. Blockage can then 
be prevented by increasing the pump speed. 
- To optimize the pipeline energy efficiency by reducing the 
pump speed if the bed-load particles travel too fast. 
- To decrease wear of the pipeline internal surf ace by 
reducing the pump speed if the bed-load particles travel too 
fast. 
The bed-load velocity measurement from the UDBV can be used 
in a feedback control loop to the hydraulic system pumps to 
automatically prevent pipe blockage and to decrease the 
energy and wear rate of the pipeline. 
"The UDBV may also be used for determining the extent of a 
stationary bed or for determining the local pipe wall 
particle velocity by positioning the transducer at various 
points around the pipe. In certain hydraulic situations, 
such as flow with a stationary bed, pipe blockage can 
sometimes more effectively be prevented in this way. In 
addition, information of this kind is important for the 
theoretical and analytical study of pipe blockage, as is 
currently being undertaken in the Hydraulics Laboratory of 
the Civil Engineering Department at U.C.T. 
Chapter two of the dissitation presents a Literature Review 
of work conducted on the Doppler technique for measuring 
velocity. This is discussed mainly in the context of flow 
rate measurement of water and blood flow since this 
information is widely available in the literature. 
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A list of requirements that the UDBV system should satisfy 
are presented in Chapter three. Chapter four briefly 
discusses the advantages and disadvantages of alternative 
methods of measuring bed-load velocities. The conclusion is 
drawn that the ultrasonic Doppler technique is the most 
suitable. 
3 
Chapter five presents relevant published theory necessary 
for the subsequent system design and analysis of Chapter 
six. Chapter six discusses the entire system design with 
emphasis on optimising the focusing technique for detecting 
bed-load particle velocities. The causes of the Doppler 
broadening are discussed and analysed so that they may be 
reduced to increase the accuracy of the system. The 
electronic circuitry is also presented in Chapter six. 
Results obtained with the UDBV are presented in Chapter 
seven. Conclusions are drawn in Chapter eight. 
A research paper presented at the BHRA, Hydraulic Transport 
of Solids in Pipes Conference (Stratford-upon-Avon, UK, 
October 1988) is reproduced from the Conference Proceedings 
in Appendix A. The title of the paper is: "The Development 
of an Ultrasonic Doppler Bed load Velocimeter". 
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CHAPI'ER 3 
REOUIREMENTS OF THE SYSTEM 
The UDBV instrument should satisfy certain requirements for 
it to be used effectively as a measuring instrument of the 
bed-load particle velocity. These requirements are: 
3.1 THE BED-LOAD VELOCITY SHOULD BE MEASURED 
7 
The instantaneous velocity of the bed-load particles is 
measured rather than the mean mixture flow velocity. If 
however, the transducer is placed in a position situated 
radially around the pipe wall, then the velocity of the 
particles closest to the pipe wall is measured. 
3.2 NON-INTRUSIVE TRANSDUCER 
By attaching the transducer to the outside of the pipe wall, 
it is non-intrusive into the flowing slurry. This 
requirement is important and ensures the pipe wall requires 
minimal or no modifications. Installation is quick and 
simple and maintenance costs are kept low. Also, the 
absence of an obstruction to the flowing medium avoids 
pressure loss, possible pipe blockage and transducer wear. 
3.3· LINEARITY. REPEATABILITY. HIGH ACCURACY 
As an effective control sensor, the following three 
requirements must be satisfied by the UDBV: 
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4 
CHAP'I'ER'.2 
LITERATURE REVIEW 
In conducting a literature review, one must distinguish 
between Ultrasonic Flowmeters / Velocimeters which are based 
on the Doppler shift priciple and those which are based on a 
different principle (eg. the Sing-Around or Travel Time 
Difference method and the Beam Deflection method) because 
all techniques are often categorized under the term 
'Ultrasonic Flowmeters'. 
The Ultrasonic Flowmeter based on the Doppler Shift 
principle is relevant to this thesis, as this technique 
bases its flow velocity measurement on the velocity of 
particles travelling within the fluid, unlike most other 
techniques. 
According to Lynnworth, the Doppler effect has been known 
since 1842 [Ref. 27, p411]. Despite the wide interest in 
ultrasonic flowmetry (not necessarily based on the Doppler 
shift priciple) throughout the 1950's, and the simultaneous 
existence of Doppler radar velocimeters, little work on 
ultrasonic Doppler flowmeters was reported before almost the 
turn of that decade. By 1957 Satomura [Ref. 37) and in 
1961, Franklin [Ref. 15) had reported the use of the 
ultrasonic Doppler effect in several medical and biological 
studies of blood flow or tissue movement. 
Some industrial pipeline applications have been extensions 
of earlier oceanographic technology, where Doppler methods 
had been developed for ship navigation. The earliest 
available documents on applications of ultrasonic Doppler 
principles and methods include the patents of Chilowsky and 
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Langevin in 1923 [Ref. 8] and the patent in 1932 by 
Chilowsky [Ref. 9]. These patents relate, respectively, to 
measuring submarine motion from an observation point and 
measuring the speed of a marine vessel with respect to the 
sea bottom or to the sea itself. 
5 
Marine applications such as ship navigation, provided one of 
the first important uses for ultrasonic Doppler technology. 
In 1961 Chalupnik and Green presented an Ocean-Current Meter 
based on the Doppler shift principle to measure flow rates 
in ocean water and other liquids containing sufficiently 
high concentration of scatterers [Ref. 7]. Their operating 
frequency was chosen to be lOMHz. In 1962, Koczy, 
Kronengold and Loewenstein [Ref. 21] conducted practical 
experimental analyses and tests on the Ocean-Current Meter 
previously developed by Chalupnik and Green. 
In 1964, Green presented a paper titled 'The Spectral 
Broadening of Acoustic Reverberation in Doppler Shift 
Fluid Flowmeters' [Ref. 16]. Green's analyses is restricted 
to a low concentration of scatterers and four factors 
contributing to spectral broadening of the Doppler shifted 
sig~al (and hence uncertainties in interpretation of the 
Doppler shifted signal) are considered for a general fluid 
flowmeter. 
By the end of the 1970's, published analyses on blood flow 
applications, which have relevance for this thesis, have 
dealt with the velocity distribution effect across the blood 
vessel [Refs. 5, 11, 14, 33, 35], spectral broadening 
effects [Refs. 5, 14, 30, 35], received power spectrums 
[Refs. 1, 5, 14, 35], Doppler signal processing procedures, 
specifically the zero crossing detection method 
[Refs. 1, 5, 11, 14, 33, 35], Doppler shifted power 
spectrums [Refs. 1, 5, 11, 14, 33, 35], noise limitations 
[Ref.14], errors in velocity determination [Ref. 5] 
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In the later half of the 1970's, the Doppler flowmeter for 
the measurement of fluid flow rates became more widely 
recognized for its industrial potential too, especially for 
multiphase scattering fluids in pipes where transmission 
techniques had not yet been adequate (slurries, sewage, 
carbonated beverages) [Ref. 27, p444]. 
6 
Published papers dealing with industrial applications and 
analyses of the Doppler flowmeter have deal~ with the basic 
principles of operation [Refs. 27, 32, 36, 39], advantages 
of ultrasonic flowmeters over other techniques for measuring 
flow rates [Refs. 27, 28], transducer design [Ref. 27], 
Doppler spectrum analyses [Ref. 25], effect of pipe wall, 
fluid density and velocity of sound [Ref. 24, 35], effect of 
particle sizes and concentration [Ref. 32], installation 
[Ref. 39], accuracy of determining the flowrate [Ref. 36] 
and comparisons of output readings of flow rate with a 
Doppler flowmeter compared with the readings obtained with a 
Magnetic Flowmeter [Ref. 32]. 
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(i) The output reading must be linearly dependent on the 
(bed-load) velocity being measured over a velocity 
range from o to 5 m/s. 
(ii) The output must be repeatable and consistant for 
typical slurries. 
8 
(iii) The accuracy in determining the bed-load velocity must 
be as high as possible within a particular response 
time. 
3.4 DETECTION OF THE VELOCITY OF TYPICAL BED-LOAD PARTICLES 
The transducers detect 
particles encountered 
signals from typical bed load 
in waste tailings and backfill 
pipelines in the mining industry. Typical particles range 
in size from 20µm to several millimetres. Typical 
concentrations of tailings and backfill lines range from 15% 
to 40% by volume. Typical bed-load concentrations range 
from 50% to 60% by volume. 
3.5 INDEPENDENT OF THE PROPER.TIES OF THE TRANSPORTING FLUID 
The system is independent of the properties of the 
·transporting fluid such as the speed of sound, density or 
temperature of the fluid. 
3.6 CALIBRATION FACILTY 
The relationship between the output of the UDBV and the bed-
load velocity can only be determined with certainty if all 
the system parameters that affect the Doppler frequency are 
known. Since all the effective parameters are not known, an 
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alternative method of measuring the bed-load velocity is 
provided (the cross-correlation method) for calibration of 
the UDBV. 
3.7 SHORT AND VARIABLE RESPONSE TIME 
9 
The instrument has a short response time (<0.2s) compared 
with the response time of the pipeline pumps so that an 
effective control system can be implemented. The response 
time can also be varied and set to a discrtete value between 
0.2s to Ss so that an accuracy and response-time compromise 
can be reached. 
3.8 ZERO TO 20 mA OR 4 TO 20 mA OUTPUT 
As an industry standard control sensor which may require 
remote sensing, the output is in the form of either a O to 
20 mA or a 4 to 20 mA output current, signifying a measured 
bed load velocity ranging from a stationary condition to a 
predetermined maximum velocity. 
3.9 IX>PPLER SIGNAL INDICATOR 
A Doppler Signal Indicator must provide visual information 
about the state of the Doppler signal. It is used to aid in 
the set-up the UDBV and to indicate the state of the bed-
load (ie. stationary, approaching settling or sliding) 
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3 .10 TUNEABLE TRANSMITTER FOR OPTIMUM S/N RATIO THROUGH 
PIPE-WAI.I. 
The transmitter frequency is tuneable to allow for 
optimization of ultrasonic energy into the pipe for various 
pipe wall materials and various wall thicknesses. 
3.11 MINIMUM MAINTENANCE 
10 
Maintenance of both the transducer and the electronic system 
is kept to a minimum by ensuring that: 
(i) The transducer is non-intrusive so that no abrasion or 
corrosion due to the slurry can occur. 
(ii) Operating conditions for the electronic system are set 
up once, without the need for recalibration or 
retuning due to drift or errors caused by temperature 
variations and other environmental variations. 
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11 
CHAPTER 4 
POSSIBLE SOLUTIONS TO SATISFY THE REQUIREMENTS 
4.1 INTRODUCTION 
In Chapter 3 a number of requirements were presented that a 
well designed Velocimeter should satisfy for measuring the 
bed-load (or wall) particle velocity within a fluid filled 
pipeline. Methods by which solid particle (eg. bed-load) 
velocities may be measured fall into two main groups, naimly 
Doppler shift methods and the Cross-correlation method. 
The Doppler shift method is usually constructed using either 
ultrasonic, Laser or microwave energy [Ref. 42]. Each 
method is briefly mentioned and their respective advantages 
and disadvantages for the present application is discussed. 
4.2 DOPPLER METHODS 
The well known Doppler shift principle can be used as the 
basis of a bed-load particle Velocimeter. Energy is 
transmitted from a source at a constant frequency and 
directed into the /flow (or bed-load particles) being 
monitored. 
Solid particles · travelling in the slurry backscatter the 
transmitted energy. It can be arranged so that part of the 
reflected energy is from the bed load particles and is 
detected by a receiver. 
A measurement of the Doppler shift frequency of the 
reflected energy provides an indication of the bed-load 
particle velocity. 
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Doppler Velocimeters may be constructed using either light 
(laser), microwaves, or ultrasound as an energy source. 
4.2.1 Laser Doppler Velocimeter 
12 
A great deal of effort has been channelled into the 
development and application of the Laser Doppler Velocimeter 
(LDV) during the last fifteen years. One of the reasons for 
the great interest shown in this measurement technique is 
that it is capable of achieving non-intrusive point velocity 
measurements in the range 0.1 m/s to 100 m/s with an 
extremely high accuracy, claimed to be better than 0.5% of 
measured value. Futhermore, no calibration is required 
(Ref. 42]. 
Disadvantages of the LDV are: 
(i) It requires an optically transparent pipeline. 
(ii) It is too expensive, fragile and difficult to set up 
for routine velocity measurements in an industrial 
situation. 
Since most hydraulic tailings lines are steel, and because 
the mining en ironment is hostile, the LDV is an 
unacceptable method for detecting bed-load velocities for 
the present case. 
4.2.2 Microwave Doppler Velocimeter 
Microwave are another suitable source for the Doppler 
Velocimeter, and possess advantages over the LDV of being: 
( i ) low cost, 
(ii) compact, 
(iii) suitable for use in hostile environments, 
(iv) the pipeline does no need to be optically transparent. 
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However, 
Microwave 
a disadvantage is 
Doppler Velocimeter 
that even 
(MDV) can 
if calibrated, a 
only be used for 
reliable particle velocity measurements in situations where 
both particle size and moisture content are constant 
(Ref. 19]. Since these are neither known nor kept constant, 
this method is unacceptable. 
4.2.3 Ultrasonic Doppler Velocimeter 
13 
The ultrasonic Doppler technique for particle velocity 
measurement employs two piezoelectric crystals to transmit 
and receive an ultrasonic beam into and from the particles 
within the pipeline. The technique is refered to as the 
Ultrasonic Doppler Velocimeter (UDV). The UDV is chosen as 
the technique for measuring bed-load velocities because it 
best satisfies all the requirements presented in Chapter 3. 
A full discussion of the implementation of the Ultrasonic 
Doppler technique to satisfy the requirements presented in 
Chapter 3 will follow in the subsequent sections of this 
dissitation. 
4.3 CROSS-CORRELATION METHOD 
The cross-correlation method of velocity measurement is an 
established concept/ but has only recently become 
commercially available for industrial situations. (Ref. 42]. 
The cross-correlation technique has the following advantage 
over the UDV, LDV and the MDV: 
(i) It is independant of fluid properties such as 
temperature, density and pressure. 
It has the following two advantages over the LDV and the 
MDV: 
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( i ) The transducers used need cause little or no 
obstruction to the flow since ultrasonic transducers 
may be used. 
14 
(ii) The system does not need to be recalibrated for 
different flow, slurry or pipe conditions. 
Disadvantages of the method are: 
(i) Determining cross-correlation functions requires a 
dedicated processor to process the output signals. 
Intricate algorithms must be employed to ensure 
reliability and accuracy. 
(ii) The response time is inherently much slower than the 
Doppler techniques due to the complicated processing 
required with large amounts of data to determine and 
then analyse the cross correlation function. 
However, its main advantage of providing a velocity 
indication independant of the uncertain system parameters 
warrants its application in the present thesis as a method 
of calibrating the ultrasonic Doppler bed-load velocimeter. 
This will be discussed more fully in Chapter 6. 
4.4 CONCLUSIONS 
Different methods for measuring bed-load particle velocity 
have been presented. In conclusion, the most suitable 
method that will satisfy all the requirements presented in 
Chapter 3, is the Ultrasonic Doppler Velocimeter (UDV), 
which is renamed the Ultrasonic Doppler Bed-load Velocimeter 
· (UDBV) since the bed-load velocity is measured. 
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15 
CHAPTER 5 
THEORY TO BE USED IN THE SYSTEM DESIGN 
5 .1 BASIC PRINCIPLE AND OPERATION OF THE (CW) ULTRASONIC 
DOPPLER FLOWMETER 
The well known Constant Wave (CW) Ultrasonic Doppler 
flowmeter, the principle on which this project is based, can 
only accurately be used in situations where the solids 
concentration is low. The flowmeter provides a measure of 
the mean flow rate of the fluid within the pipeline. 
This technique is to measure the average flow rate of 
particle scatterers travelling within the fluid and relies 
on the assumption that the particle scatterers are 
travelling at the same velocity as the flow of the fluid. 
A f lowmeter system of this kind can be described as follows 
(adapted from Refs. 27, 28, 36, 39). See Fig. 5.1. 
The system usually employs two piezoelectric ceramic 
crystals mounted outside the pipe wall by means of a 
mounting structure (wedge) which acts as an ultrasonic 
window between the crystals and the pipe wall. One crystal 
/ acts as the transmitter and is excited by a constant 
sinusoidal signal from an oscillator, thereby sending out an 
ultrasonic beam into the pipe containing the moving particle 
reflectors. The other crystal acts as the receiver of the 
reflected ultrasonic beam and · is arranged so that the 
intersection (or insonified volume) of the transmitted and 
received beams is across the pipeline. 
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v 
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PIPELINE CONTAINING 
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OSCILLATOR 
Rx 
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16 
INSONIFIED VOLUME 
MOVING SOLID PARTICLES 
ULTRASONIC BEAM 
MOUNTING STRUCTURE (WEDGE) 
(TRANSDUCER WINDOW) 
x 
Vo=k 0 v 
PRE-AMP DEMODULATOR DOPPLER PROCESSING 
CIRCUITRY 
Fig. 5.1 A general flowm.eter 
The particle reflectors within the insonified volume, 
travelling in the fluid, reflect and backscatter the beam, 
part of which returns to the receiving crystal. The 
velocity of the particles cause part of the received signal 
to be Doppler shifted from the transmitted signal. The 
amount by which the received signal is Doppler shifted is 
proportional to the velocity of the particles. 
The Doppler shifted received signal is pre-amplified and 
then demodulated so that any Doppler shifted component can 
be extracted. The frequency of the demodulated Doppler 
shift signal is then electronically processed and converted 
to a voltage (or current) to give an indication of the 
particle velocity. 
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17 
5. 2 HYDRAULIC TRANSPORT TERMS AND CLASSIFICATION OF 
HYDRAULIC FLOW REGIMES 
5.2.l Relevant Hydraulic Transport Terms Defined 
A hydraulic transport system is defined as a system in which 
solids are trarisported in a moving liquid in a closed pipe. 
The pipeline may be constructed of steel, PVC, asbestos 
cement or concrete etc. The most common material is steel. 
Lined pipes to reduce wear (both erosive and corrosive) may 
be coated with rubber, polyurethane, plastics or ceramics. 
The most commonly transported solid materials, to date, are 
quartz such as clay, sand and gravel, mineral slurries such 
as ore and tailings [Ref.23]. 
Hydraulic terms ref erred to later in this thesis are defined 
as follows [adapted from Ref. 24]: 
(i) Solids (Load) 
The solids, also referred to as the load, refers to 
the transported material which may be in the form of 
fine sediment, large particles, lumps or capsules. 
The size of particles transported ranges from a few 
microns to several millimeters. 
(ii) Slurry (Mixture) 
The slurry, which is also referred to as the mixture, 
is a mixture of solid particles and fluid ranging from 
suspensions of course, fast-moving particles, possibly 
with bed-load, to suspensions of fine highly 
concentrated particles moving slowly. The mean 
mixture velocity, averaged over the entire cross-
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section of the pipeline is referred to as the mean 
mixture velocity [vM] 
(iii) Suspended Particles (suspension) 
18 
This term is used to describe mixtures or parts of 
mixtures in which no solid load is carried along the 
bed. 
(iv) Bed-load 
The bed-load is defined as that part of the solid 
particles which either is in contact with the pipe 
bottom or is in contact with particles which are 
themselves in contact with the pipe bottom. The bed-
load is supported by the pipe either directly or by 
granular contact. The bed-load may be transported by 
means of a sliding bed or rolling particles or layers 
of rolling particles or a combination of sliding and 
rolling. The bed-load may also be stationary or move 
sporadically. 
The velocity of the bed-load is defined by vMD and the 
depth of the bed-load layer up from the pipe soffit is 
defined by hBED' which is set to a constant [H] for all 
flow regimes for later analysis. The value of hMD is 
difficult to predict in theory. 
(v) suspended-load 
The suspended-load is defined as that part of the 
solid particles which travel above the bed-load layer. 
The average velocity of these particles is defined by 
v505 . Since a particle velocity profile exists across 
the cross-section of the pipeline for a particular 
flow regime, the value of Vsus is a function of the 
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/ 
height [h] up from the pipe soffit: v505 (h), where 
h > hBED 
(vi) Saltation 
19 
Sal tation is a term used to describe the motion of 
particles which are carried in the fluid by a series 
of leaps and jumps. The particl~s are picked up by 
fluid turbulences and deposited further on downstream, 
on the bottom of the pipe or on the bed-load layer and 
the process is continuously repeated. At very low 
velocities the bed formation tends to be rippled (ie. 
dune shaped) and most of the saltation occurs from the 
crests of the ripples. 
(vii) Transport Volumetric Concentration 
The transport or in-situ volumetric concentration is 
defined as the volume of solids in a section of pipe 
divided by the volume of solids plus liquid in that 
same section of pipe. 
5.2.2 Classification of Hydraulic Flow Regimes 
Classification of flow regimes appears necessary because of 
the complex nature of solids-liquid flow. The relevance is 
for a clearer understanding of the conditions in which the 
Velocimeter .of this project is functional. This is 
necessary so that a design can be undertaken which accounts 
for the various flow conditions. It must be bourne in mind 
that the Velocimeter is to be designed to measure only the 
bed-load particle velocity. Measurement of the suspended-
load particle velocity constitutes a false measurement. 
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20 
Table 5.1 shows a method of classifying the different flow 
regimes which may exist when transporting a solid-water 
slurry hydraulically in pipes (adapted from ref. 24). There 
are two broad categories of flow, sometimes referred to as 
non-settling (or fully suspended flow) and settling 
slurries. A bed may or may not exist in the settled regime. 
It is important to realize that several regimes can exist 
simultaneously, particularly were the sediment is well 
graded. 
In general, the type of regime found in a pipe depends on 
the physical properties of the mixture (mean mixture 
velocity and concentration) , the properties of the solids 
(siz~, shape, density and size variation), the properties of 
the fluid (density and viscosity) and the properties of the 
pipeline (diameter, slope and roughness). 
The flow regimes which have been classified for a range of 
mean mixture velocities (vM)· The regimes change when mean 
mixture velocity is increased (due to increasing hydraulic 
energy gradient ie. increasing power output of pumps) for a 
specific particle size, shape and density in a specific pipe 
with the transport volumetric concentration held constant. 
on the left of the table vM is low and a stationary bed 
exists. Movement towards the right in Table 5.1 indicates 
increasing mixture velocity. On the /extreme right of the 
table, vM is high and a pseudo-homogeneous flow exists with 
the solids almost uniformly distributed. 
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NO SOLIDS STATIONARY SLIDING HETERO- PSEUDO-
MOVEMENT BED WITH BED WITH GENEOUS HOMOGENEOUS 
SALTATION SUSPENSION FLOW FLOW 
no solids upper fully solids not solids 
movement layers moving bed uniformly almost 
move by with distributed uniformly 
rolling and suspension distributed 
saltation 
vsus = 0 Vsus > 0 Bed No bed 
exists exists 
VBED = 0 VBED > O 
hBED is a hBED is hBEn=H hBF is 
maximum decreasing de ined 
by H 
Mean mixture velocity [vM) increasing ----
Table 5.1 Flow Regimes for a Range of Mean Mixture 
Velocities 
21 
The mean mixture transition velocities between the regimes 
presented in Table 5.1 can be designated as follows: 
vMl = Mean mixture transition velocity between regimes with 
stationary bed and suspended-load movement by 
saltation. 
vM2 = Mean mixture transition velocity between 
stationary bed and fully moving (sliding) bed. 
Particles above the bed-load become suspended. 
vM3 = Mean mixture transition velocity between moving bed 
and heterogeneous flow. (This velocity is also known 
as the limit deposit velocity). 
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vM4 = Mean mixture transition velocity between the regimes 
when flow behaves as two-phase and when flow behaves 
as single-phase (ie. transition between heterogeneous 
and pseudo-homogeneous flow) 
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Fig. 5.2 Graphical representation of the various flow 
regimes 
Each flow regime is discussed in more detail below. The 
Velocimeter measurement 
discussed. 
for each flow regime 
(i) Stationary Bed with No Solids Movement (vM < vM1 ) 
is also 
22 
When the mean mixture velocity (vM) is not high enough to 
dislodge particles from the bed, the pipe can be considered 
to be blocked with solids. Possibly a few odd particles 
will be in suspension. The hydraulic energy gradient 
required to maintain the flow will be high since the area of 
flow is reduced due to the partial blockage of the pipe. If 
more solids are fed into the pipe at a velocity less than 
vMl then the entire pipe can become blocked. 
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The depth of the bed-load layer [ hBED] is a maximum in this 
flow regime since all the particles are settled. 
The Velocimeter output must be zero corresponding to a zero 
bed-load velocity condition. 
23 
(ii) Part Stationary Bed with Saltation and Rolling Movement 
As vM is increased a few particles begin to move by rolling 
along the bed and ripples may form which travel downstream. 
Only saltating particles are lifted into the stream. The 
bed-load remains stationary (vBED = o) and at times a 
suspended-load particle velocity exists (ie. vws > O). 
According to Bagnold [Ref. 2] "The bed grains are seen to 
jump upwards into the fluid from seemingly random rest 
positions. The jumping grain subsequently becomes 
accelerated in the direction 1of flow .... gravity ultimately 
pulls it back to the bed". The effect of a bouncing 
particle when landing is to cause further dislodgement of 
particles. Saltation is usually accompanied by rolling and 
ripple movement. See Fig. 5. 3 for a velocity profile in 
this flow regime. 
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Fig. 5. 3 Velocity profile for vx1 < vx < vx2 
As vM approaches vM2 , the depth of the bed [ hBED] decreases. 
When vM is just below vM2 , the bed-load is stationary, but 
on the verge of moving. 
Since the Velocimeter must detect the bed-load velocity, 
which in this case is stationary, the Velocimeter's output 
must be zero irrespective of whether suspended-load 
particles are moving. 
(iii) Fully Moving Bed with suspension (vM2 < vM < vM3 ) 
If the particles are graded then the larger particles tend 
to remain on the bed but slide and roll due to fluid drag. 
The smaller particles saltate and some are fully suspended. 
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See Fig. 5.4 for an example of a velocity profile for this 
regime. 
At mean mixture velocities below vK3 , particles tend to 
deposit but do not form a deposit. They are transported by 
sliding and rolling while the majority are in heterogeneous 
suspension. 
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PARTICLE VELOCITY (v) 
Fig. 5.4 Velocity profile for vM2 < vM < vM3 
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In this regime a bed-load layer physically exists and all 
the individual solid particles within the bed-load layer can 
reasonably be assumed to travel at the same mean velocity 
defined by vBED· In this regime the value of hBED can be 
assumed to have a constant height defined by H. The UDBV 
should be designed to measure the mean velocity of the 
particles extending up to a maximum height of H. 
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(iv) Fully Suspended Heterogeneous Flow (vM3 < vM < vM4 ) 
All the particles are suspended although the distribution is 
asymmetrical. The concentration increases towards the 
bottom of the pipe. This is an important regime for most 
pipelines and is normally identified with economical 
operation with minimum hydraulic energy requirements. See 
Fig. 5.5 for an example of a velocity profile in this flow 
regime 
-0 
)> 
;:o 
-I 
(") 
r 
rTJ 
:r: 
rri 
.G) 
-- ~:r: 
-I 
hem is defined .PY H 
H··~ ~~~~-'#-~~~~ 
v eEo > 0 and is a 
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PARTICLE VELOCITY (v) 
Fig. 5.5 Velocity profile for vM3 < vM < vx4 
In this regime the velocity of the particles that extend up 
to H do not all travel at the same velocity ie. hBED is a 
function of h (see Fig. 5. 5 above). For simplicity of 
analysis in later sections, hBED is defined by H. 
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The UDBV is not specified to measure the bed-load velocity 
in this regime. It will however measure the velocity of 
those particles closest to the pipe wall. 
(v) Pseudo-Homogeneous Flow (vM > vM4 ) 
27 
The solids are fully suspended and the flow behaves as a 
single-phase fluid. The concentration of solid particles is 
virtually symmetric across a section of pipe but not 
necessarily uniform. 
No bed is present and in this case the Velocimeter measures 
the velocity of those particles closest to the pipe wall. 
5.3 THE DOPPLER EFFECT AND THE DOPPLER EQUATION 
5.3.1 The Doppler Effect Applied to Particle Velocity 
Measurement 
The UDBV relies on the Doppler effect to measure the 
velocity of the bed-load slurry particles. The Doppler 
equations describe the relationship between the frequency of 
sound waves travelling between moving objects and the 
frequency of sound waves reflected off moving objects. In 
this section, the Doppler equations are expressed in a form 
so that they may be used to relate the Doppler frequency to 
the velocity of particles travelling in a pipe. 
In its basic form, the Doppler principle states that if a 
receiver (Rx.) moves relative to a transmitter source (Tx.) 
of sound waves as in Fig. 5.1, then the frequency detected 
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by the receiver is not Xhe same as that transmitted by the 
source, and the received frequency (fR) is given as follows: 
(5.1) 
where fT is the transmitter frequency, 
the receiver in the direction of the 
the ultrasonic velocity in the medium. 
VR is the velocity 
transmitter and c 
i ., 
I 
I 
I 
I [] fR = fr 
I l STATIONARY Rx 
I I ITlb ~ I fR= fr+ '!._Rf 
I I C r 
I I 
I I 
I I 
I I 
I I 
MOVING Rx 
Fig. 5.6 The frequency detected from a moving receiver 
of 
is 
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The Doppler shift,freqency (fo) is defined as the absolute 
difference between the received frequency and the 
transmitted frequency: 
( 5. 2) 
If the Tx. is moving then the Doppler effect will cause the 
received frequency to equal that given in Eqn. 5.3: 
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(5.3) 
where vT is the velocity of the Tx. in the direction of the 
receiver. 
The Doppler shift frequency will then be as follows 
[Ref.l, p25]: 
(5.4) 
The above analysis can be extended to describe reflection of 
ultrasound from a moving particle reflector simply by 
combining Eqns. 5.2, 5.3 and 5.4. The reflector is 
considered first to be a moving Rx. which detects Doppler 
shift sound waves at a frequency fR given by Eqn. 5.1. This 
reflector then behaves as a moving Tx., radiating waves at 
an already Doppler shifted frequency f R which are then 
detected by a stationary Rx. The frequency fR' seen by this 
Rx. is, from Eqn. 5.3 given in Eqn. 5.5: 
(5.5) 
where fR is given in Eqn. 5.1. Substituting fR as given in 
Eqn. 5.1 into Eqn. 5.5 then yields Eqn. 5.6: / 
( 5. 6) 
Since lvRI = lvTI we can represent them both by v, the 
target velocity, and because v << c the terms [ Y ] 2 can be 
c 
neglected, Eqn. 5.6 may be simplified to: 
29 
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2v 
c 
and the Doppler frequency (fo) is: 
f o = 
2v 
c 
(5.7) 
( 5. 8) 
If the Tx. and Rx. are not orientated at the same angle (0) 
to the moving particles, then respective components of their 
beams in the direction of the particles must be separately 
added as in Eqn. 5.9. 
v (cos eT + cos eR) 
fo = fT 
c 
( 5. 9) 
where eT and eR are the angles of the Tx. and Rx. beams 
relative to the direction of the moving particle reflectors 
as illustrated in Figure 5.7. 
PARTICLE VELOCITY 
DIRECTION 
• 
Fig.5.7 Particle velocity direction is not in the direction 
of the Tx. and Rx. beams 
30 
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Eqn. 5.9 can be simply expressed by Eqn. 5.10 as follows: 
(5.10) 
Eqn. 5.10 is referred to as the Doppler equation. The 
constant ko is referred to as the Doppler constant. The 
ultrasonic velocity in the medium is expressed by the 
constant cTW in Eqn. 5 .10 and in all Eqn ~ s referring the 
Doppler equation to signify that the ultrasonic ;velocity is 
the velocity within the transducer window material. 
5.3.2 Limitations of the Doppler Eguation 
31 
Eqn. 5.10 describes how ultrasonic reflections from a moving 
reflector are shifted from the transmitted frequency. 
However, the practical solution to which this expression 
relates is extremely restricting. A single Doppler 
frequency can be produced only if an infinitely wide plane 
target moves at a constant velocity through a monochromatic 
ultrasonic beam which extends over an infinitely wide 
beamwidth [Ref. 1, p26]. If any of these conditions are not 
satisfied then the Doppler freqency spectrum cannot consist 
of a single spectral line. 
For example, if either the beam or the target is finite in 
extent, which they are in practice, then the Doppler 
spectrum can be shown to be broadened, which degrades the 
accuracy with which the mean Doppler frequency can be 
determined. 
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Also if the moving reflectors are moving at different rates 
within the insonified volume than more than one Doppler 
frequency is present. The Doppler spectrum is then the 
convolution of all Doppler frequencies with their associated 
powers. 
5.3.3 Refraction Effect on the Doppler Equation '., 
As the transmitted and received beam propagate through the 
transmission path (see Section 6. 3. 2 for a definition and 
discussion of the transmission path), they encounter media 
having different sound velocities. For example, the sound 
velocity in an Epoxy Resin transducer window is 2400m/s and 
the velocity within a Steel pipe-wall is 5600m/s. As the 
beam travels from one medium to another having a different 
velocity, the beam will refract according to Snell's Law of 
refraction (see, for example, Ref. 20). 
Contrary to intuition, the refraction effect has no affect 
on the Doppler equation. The Doppler equation ( 5. 10) is 
defined completely in terms of the transducer window 
material properties, namely the sound velocity (cTw) and the 
orientation angles of the Tx. and Rx. within the transducer 
window (0T and 0R) according to the Doppler equation and is 
independent of refraction effects. This is because the 
Doppler Equation is a function of the ratios cos eT/cTw and 
cos eR/cTw which are constant even if the beam travels from 
one medium to another having different sound velocities. 
If it can be shown that the above ratios are constant as the 
beam travels through the transmission path then it proves 
that the Doppler equation is defined completely in terms of 
the transducer window properties. When a beam refracts as 
it passes through two differing mediums then, according to 
Snell's law of refraction, the ratio cos e 1;c1 defined 
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within the one medium equals cos e2;c2 defined with~n the 
second medium. Therefore Snell's Law proves that the above 
ratios, once defined within the transmission medium (ie. the 
transducer window material) are constant even if refraction 
occurs. 
'., 
5.4 REPRESENTATION OF THE RECEIVED SIGNAL 
It is important to analyse the received signal and to 
represent it mathematically so that appropriate demodulation 
techniques can be considered for extracting the wanted 
Doppler signal. 
33 
In practice, Doppler signals do not return in isolation, but 
are combined with a usually larger 'breakthrough' signal. 
The breakthrough signal is due to both an ultrasonic and 
electronic coupling of signals from the transmitter to the 
receiver. Its frequency is equal to that of the transmitted 
signal. The ultrasonic breakthrough is due to echoes from 
reflections at the interfaces within the transmission path 
(see Section 6.3.2) 
The electronic breakthrough is due to coupling on the 
circuit boards and between the coaxial cable connected 
between the electronic circuitry and the transducer. 
The ratio of the amplitude of the breakthrough signal to the 
Doppler signal is mainly dependant on: 
(i) The operating transmitter frequency .. 
The frequency choice near resonance affects the electrohic 
and ultrasonic matching conditions and therefore affects the 
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response and sensitivity of the system which ultimately 
affects the ratio. 
Also, variations in the transmitter frequency affects the 
ratio of the transmitted to reflected ultrasonic energy at 
the interfaces within the ultrasonic transmission path. 
Unwanted reflections (contributing to the breakthrough 
signal amplitude) occur at the interface between the 
transducer window material and the pipe wall, between the 
pipe wall and the lining material (if present) and also 
where the beam enters the slurry. 
(ii) The pipe-wall material and the lining material if 
present. 
The acoustic impedance mismatch (ultrasonic velocity times 
density) between the transducer window and the pipe-wall and 
between the pipe-wall and pipe-lining affects the strength 
of the reflected ultrasonic beam from these interfaces, 
which contributes to the breakthrough signal amplitude. 
(iii) The bed load particle material, size and 
concentration. 
These factors will affect the reflectivity and therefore 
strength of the Doppler signal. 
Simply, the received signal can be expressed as the sum of 
two signals, namely a large breakthrough signal [RB(t)], 
added to a smaller Doppler shifted signal [RD(t)], due to 
reflections from the moving particles within the pipe. The 
Doppler shifted signals are frequency displaced from the 
breakthrough signal by the Doppler difference frequency [fD 
or the angular Doppler frequency, wD] as defined by the 
Doppler equation. 
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The received signal can Pe represented by R(t) as follows: 
Suppose the signal transmitted by the transmitting crystal 
is described by T(t) as in Eqn. 5.11. 
T(t) = T cos WT t (5.11) 
.. 
where T is the fixed amplitude . and wT is the transmitted 
angular frequency = 2~f T 
The received signal, R(t), is the sum of the RB(~) and R0(t) 
as in Eqn.5.12 below 
R ( t ) = RB ( t ) + Ro ( t ) (5.12) 
(5.13) 
and (5.14) 
to give: 
R(t) = RB cos (wTt + 0B) + Ro cos (wTt + Wot + 0o) 
(5.15) 
where RB and Ro are the amp! i tudes of the breakthrough and 
Doppler signals respectively, w0 is the mean Doppler angular 
frequency (=2~f0 ), eB and 00 are the phase of the 
breakthrough and Doppler signals respectively relative to 
the transmitted signal at t = o. 
to be zero. 
eB is arbitrarily chosen 
For simplicity of the analysis, both 
represented as constants. However in 
fluctuate due to the variations in the 
Ro and w0 are 
reality, Ro will 
strength of the 
reflected signal from the moving particles. 
not be a discrete freqency but rather 
frequencies due to the range of velocities 
Also, w0 will 
a spectrum ·of 
of the detected 
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moving particles and d~ to the Doppler broadening causes 
discussed. later in Section 6.5. These affects can be 
analysed after the following initial analysis. 
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Rs and Ro can be represented vectorially as in Fig. 5. 8. 
The vector Rs (of fixed amplitude Rs) represents the 
breakthrough signal and rotates at an angular frequency of 
wT about the origin. The Doppler shifted compol;l~nt is 
similarly represented by the much smaller amplitude vector 
Ro which rotates at an angular frequency of wT +. w0, or at w0 
relative to vector RB. 
The vector Ro is located at the tip of RB so that the 
resultant received signal is represented by the vector sum 
R. Because vector R is rotating at a slightly different 
frequency to vector Rs, the amplitude of the resultant [R] 
will vary at the Doppler difference frequency [w0 ] similar 
to an AM system. 
Fig.5.8 Vectorial representation of the received signal 
The received signal can be expressed in the form of Eqn.5.16 
[Ref. 1, p 280]. 
(5.16) 
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which has the form: 
R(t) = [RB + RD(t)] cos t(t) (5.17) 
with RD(t) = RD cos (wDt + 0D) (5.18) 
and t(t) = WTt + cp( t) (5.19) 
~ ·~ 
where cp(t) = - RD sin (wDt + eD) (5.20) 
RB 
5.5 THE DOPPLER SPECTRUM AND BROADENING EFFECTS 
5.5.1 Introduction 
The relationship between the detectable (bed-load) particle 
velocity and the Doppler spectrum will be explained. It is 
important to determine this relationship since the Doppler 
spectrum must be electronically processed and provide 
information about the bed-load velocity. 
5.5.2 Relationship between Particle Velocity and Doppler 
Spectrum 
The velocity of the detectable (bed-load) particles can be 
expressed by a ti~e-mean value [v] in this section. The 
particle velocity fluctuates about this mean value due to 
such factors as turbulence, 
wall to particle collisions. 
interparticle collisions and 
This velocity can be expressed 
by a PDF [Pv(v)] with a peak at the mean velocity [v] and a 
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standard deviation [avL depending on the extent of the 
velocity fluctuation. 
In the absence of spectral broadening effects 
[Ref. 12, p203], the instantaneous particle velocity and the 
instantaneous Doppler frequency are linearly related 
according to the Doppler equation. The statistics of the 
Doppler frequency and the particle velocity ( eg. m~,an and 
standard deviation) are therefore equal except for the 
Doppler scaling constant. It follows that the ratio of the 
standard deviation [av] to the mean of the particle velocity 
' [v] will equal the ratio of the standard deviation [aovJ to 
the mean of the Doppler frequency [ f D ]J detected from the 
moving particles, as described by Eqn. 5.21. 
(5.21) 
38 
The power spectral density [PSD] of the demodulated Doppler 
signal [expressed by Sov(fo) neglecting broadening effects] 
is interpreted as being equivalent to the probability 
density function [PDF] of the instantaneous Doppler 
frequency [Ref. 12, p203] except for an amplitude scaling 
constant. This PDF is also identical to the PDF of the 
particle velocity except for a Doppler scaling constant. 
The PSD of s00 (fn) has a peak at the mean Doppler frequency 
[ fn] , and a 3dB bandwidth determined from a result from 
Schultheis [Ref. 38] which has been restated by Denbigh 
[Ref. 10], who states that the standard deviation of the 
instantaneous Doppler frequency equals half the 3dB 
bandwidth of the signal for a Gaussian PDF. This implies 
that the 3dB bandwidth of the Doppler signal due to particle 
velocity fluctuation, ignoring broadening effects [foo] 
equals twice the standa,rd deviation of the Doppler frequency 
[aoo] as expressed by Eqn. 5.22. 
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Solving Eqn. 5. 21 for CI.i>v and substituting into Eqn. 5. 22, 
yields the following expression for f~: 
(5.23) 
Using the Doppler equation to express f 0 in terms of v, the 
JdB Doppler width [ fov] can be expressed in terms of the 
particle velocity standard deviation [av] as in Eqn. ~.24: 
(5.24) 
5.5.3 Possible Doppler Broadening Causes 
As discussed above, the demodulated Doppler frequency is not 
a discrete frequency as defined by the Doppler equation but 
rather consists of a spread of frequencies. This spread of 
frequencies can be treated as being due to two seperate 
effects. The first cause is due to the fact that the 
detectable particle velocity is not constant but rather 
fluctuates about a mean value. This effect has been 
discussed above. The second effect is due to the 
combination of all the spectral broadening components. 
Because of the broadening effects, the PDF of the Doppler 
frequency is wider than the PDF of the particle velocity 
(hence, the term "broadening"), and the spread of the 
Doppler spectrum cannot be interpreted simply as the result 
of particle velocity fluctuations. Greater broadening 
causes greater uncertaintity in processing the Doppler 
spectrum to determinine the mean Doppler frequency. It is 
important to analyse the effects so that they may be 
minimised with a well-designed Velocimeter. 
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The PSD of the Doppler signal due to the combined broadening 
components are expressed by sDB(fD)· Possible causes of the 
broadening components of the Doppler spectrum cited in the 
literature include: 
(i) Mean Particle velocity profile within insonified 
volume [Ref. 5, 11, 12, p209-210, 14, 16, 35). 
(ii} Transit-time effects [Ref. 10, 12, p205-207]. 
(iii) Beam angle spreading 
[Ref . 10 , 16 ] . 
due to finite beamwidth 
(iv) Brownian motion of individual scatterers [Ref. 12, 
p203, 16]. 
(v) Transducer motion [Ref. 16]. 
It must be bourne in mind that the above broadening 
components cited from the literature apply either to the 
case of measuring a fluid flow rate which contains a low 
concentration of scatterers or to the case of Laser Doppler 
Anemometry. Al though there are factors in common, the 
literature does not discuss the present case, namely that of 
measuring specifically the bed load particle velocity, which 
is of a relatively high volumetric concentration. 
The broadened Doppler spectrum can be analysed by 
determining the PDF or the PSD for each broadening effect 
individually. The Doppler spectrum is then the convolution 
of each PSD. Each broadening component presented and 
discussed in the literature is discussed in the following 
sections in the context of measuring bed-load particle 
velocities. 
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5.5.4 Particle Velocity Profile Effect Broadening 
Velocity profile broadening occurs if the insonified volume 
covers a region of the particle flow where there is a mean 
velocity gradient [adapted from Ref. 12, p209]. The range of 
velocities detected will cause a corresponding range of 
Doppler frequencies. i •; 
Many references of this type of broadening effect appear in 
the literature on Doppler Ultrasonic Blood Flowmeters. For 
example see [Ref. 5, 11, 14, 34] 
Simply, the Doppler frequencies are related by the Doppler 
equation to the local particle velocity across the pipeline. 
The power of the Doppler frequency due to particles 
travelling at a particular height up from the pipe soffit 
depends on the backscattering power from the particles at 
this height. From a knowledge of the velocity profile and. 
the relative backscattering power from each layer of 
particles at the particular height, the PSD can be 
determined. 
No further detailed discussion is necessary since 
Section 6.7 in Chapter 6 on measuring bed-load particle 
velocities discusses techniques to reduce the probability of 
detecting Doppler signals from particles travelling above 
the bed-load as suspended-load particles. If the design 
strategy discussed in Section 6.7.5 of Chapter 6 is 
implemented then the velocity profile effect broadening is 
negigable and so can be ignored. This also implies that 
broadening causes that are due only to detecting bed-load 
particle velocities need be considered in the succeeding 
sections on broadening. 
41 
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5.5.5 Transit Time Broadening 
Finite transit time broadening of the Doppler Spectrum is 
defined by the 3dB bandwidth [fTTJ of the demodulated 
Doppler signal due to this broadening effect. This Doppler 
broadening effect has been analysed in detail for the case 
of Laser Doppler anemometry [Ref. 12). 
'., 
Finite transit time broadening arises because signals from 
individual scattering particles last only for the time 
required to traverse the scattering ( insonified) volume. 
[Ref 12, p205]. This time is expressed by 1TT· It depends 
on the insonified volume dimensions in the x-direction [ox] 
and the velocity of the particles in the x-direction [v]: 
1TT = ox/v (5.25) 
When the ultrasonic beam is scattered from several particles 
simultaneously, fluctuations in phase of the received signal 
will occur. This fluctuation in phase will cause the 
Doppler spectrum to be spread. 
This broadening effect can be understood by considering the 
PDF of the Doppler frequency. The origin of the uncertainty 
in frequency in the case of multi-particle scattering can be 
explained (Ref. Lumley et al 1969, Edwards et al 1971, 
mentioned in Ref. 12,p 205) by the fluctuations in phase, 
and hence frequency, of the combined Doppler signal as 
signals from particles leaving the scattering volume at 
arbitrary times are lost and replaced by signals from newly-
entering particles. If the Doppler signal has a phase ~(O) 
at t = o, then at later times t = 1 1 ~(1) becomes more and 
more uncorrelated with ~(O) as some particles leave the 
scattering volume and others arrive. Eventually, when 1 
exceeds the transit time, all members of the original set 
of particles have left the scattering volume and ~( 1) is 
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completely uncorrelated with ~(O). Thus the frequency 
uncertainty is seen to be related to the transit time which 
depends on the scattering volume dimensions. 
From Durst (Ref. 12, p206], the Doppler spectrum due to this 
broadening effect is Gaussian if the scattering (insonified) 
volume is defined by two focused intersecting beams. The 
PDF of the Doppler· signal will have a standard deviation 
(oTT] related to the transit time as follows: 
a TT = 1 / ( J2" 1 TT ) ( 5 • 2 6 ) 
43 
Using a result presented above in Section 5. 5. 2 that the 
standard deviation of the instantaneous Doppler frequency 
equals half the 3dB bandwidth of the signal for a Gaussian 
PDF, it follows that: 
(5.27) 
Substituting Eqn. 5.25 into Eqn. 5.27 yields the following 
expression for the 3dB transit time broadening: 
(5.28) 
This finite transit time broadening effect is analysed in 
detail in Section 6.5.2 for the present UDBV system design. 
5.5.6 Beamwidth Broadening 
The finite beamwidth of the Tx. and Rx. crystals within the 
transducer cause a spread of Doppler frequencies to be 
detected with a 3dB bandwidth defined by f~. This 
broadening (spreading) effect exists because eT and eR as 
defined by the Doppler equation are spread by an amount 
related to the beamwidth of the crystals. Reflections and 
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hence Doppler shifted signals are received from particles 
lying within the intersection of the beamwidths of the Tx. 
and Rx. (ie. within the insonified volume) and not only from 
particles lying specifically at the focused point of 
intersection of the beams defined by eT and eR. This 
broadening effect is dependent on the geometry of the 
intersection of the beams and is analysed in detail in 
Section 6.5.3 for the present UDBV system design. .. 
5.5.7 Brownian motion Broadening 
44 
The analysis of Brownian motion of the particle scatterers 
as been analysed by Green [Ref. 16). According to Green, 
this cause of spectral broadening is negliga:t;>le for most 
practicle Doppler f lowmeters. In the case of the 
Velocimeter under consideration, this effect is negligable 
and ignored. 
5.5.8 Transducer Motion Broadening 
The effect of transducer motion on the broadening of the 
Doppler spectrum has also been analysed by Green [Ref. 16). 
To prevent Doppler spreading due to this cause, care must be 
taken to ensure that the transducer is properly mounted on 
the pipeline. This especially applies to the case where 
hydraulic pumps which cause noise vibrations are located 
close to the transducer. It is assumed that the transducer 
is securely mounted ont6 the pipeline so that this effect 
can be ignored. 
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5.5.9 Doppler Spectrum due to Broadening and Particle 
Velocity 
The overall Doppler PSD [ s0( fo)] due to the detection of 
fluctuating particle velocities and including the broadening 
effects is the convolution of: 
(i) the Doppler PSD due to the detection of a fluqtuating 
velocity with the broadening effects ignored [Sw(fo)J 
and 
I (ii) the Doppler PSD of the combined broadening components 
[ SDB ( f D) ] • 
From, for example, Durst [Ref. 12, p204], the addition of 
independant random functions regardless of their PDFs is the 
sum of the variances of each random function's PDF. Since 
Sw(fo) and s00 (fo) are independent functions, the variance of 
the PDF of the instantaneous Doppler frequency is the sum of 
the variances of all the component PDFs. 
Since the variance of each component is linearly related to 
the square of the 3dB bandwidth, the total 3dB bandwidth of 
the demodulated Doppler signal [of DJ can be expressed in 
terms of each 3dB broadening component as in Eqn. 5.29: 
(5.29) 
where foB is the 3dB bandwidth. due to the combination of the 
broadening causes that have an effect on the Doppler signal 
and fov is defined by Eqn. 5. 24 above. The only two 
broadening components that do have an affect on the Doppler 
signal are due to finite transit time broadening, with a 3dB 
bandwidth equal to fTT and the beamwidth broadening with. a 
3dB bandwidth equal to f~, so that foo can be expressed as 
follows: 
45 
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(5.30) 
The ratio of the total 3dB Doppler bandwidth [ 6fn] to the 
mean Doppler frequency [fn] is expressed by the constant ~. 
(5.31) 
This constant is derived for the particular f9cusing 
parameters of the present UDBV design in Section 6.5.4. Its 
value is important in predicting the accuracy of the system 
as will become clear in Section 6.5.5.2. 
5.6 DOPPLER SPECTRAL PROCESSING 
5.6.l Introduction 
The demodulated Doppler signal must be processed and its 
frequency converted to a voltage. currently utilised 
Doppler f lowmeters for measuring the flow rate of blood in 
arteries produce flow estimates by passing the Doppler 
signal through a zero-crossing counter (ZCC) 
[Ref. 5, 11, 14, 15]. 
Since this method is simple to implement, has a relatively 
fast response time and its theory is well documented, it was 
chosen as the present method of Doppler processing. 
5.6.2 Zero Crossing Counter 
According to Atkinson et al [Ref. 1, pll4], "Relating zero 
crossings to frequency in the practical situation is quite 
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difficult but neverthel.ess this principle forms the basis 
for the most popular type of Doppler shift processor 
currently in use". 
The ZCC counts the number of zero crossings ( N] of the 
signal and converts this number to a voltage (Vpv]. This 
process is realized with a frequency to voltage converter 
(F-V) circuit as in Section 6.8.10 hence the subscript FV. 
Ideally, the number of zero crossings should equal twice the 
mean Doppler frequency ie. N = 2·f0 • However, this is not 
the case in practice, and the relationship betwe~n N and fo 
follows in the subsequent section. 
5.6.3 Number of Zero Crossings 
The theory of operation of a zero crossing detector is based 
on a theoretical analysis by Rice (Ref. 34] who analysed the 
problem by predicting the expected number of zero crossings 
from the spectral content of the signal. The zero crossing 
rate is predicted from the probability density of finding a 
zero crossing event in a given time interval. Flax et al 
(Ref. 14] have adapted this theory to determine the 
relationship between the Doppler spectrum and the zero 
crossing frequency and show that for a Doppler power 
spectrU;m (So(fo)] the zero crossing rate [N] is given by 
Eqn. 5. 32: 
N = 2 
J~ f 02 s0(f0) df0 
J~ s0( f 0) df 0 
1/2 
(5.32) 
provided there is no constant phase relation between 
components at different frequencies. 
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According to Denbigh [Ref. 10], the RHS of Eqn. 5.32 is 
equal to two times the second moment (radius of gyration) of 
the Doppler PSD or the root mean square (RMS) value of the 
input Doppler frequency. The expected instantaneous 
frequency provided by the zcc [fz] is given by Eqn. 5.33: 
fz = N/2 = (f02 ) 112 = fo(RKS) instead of f-0 (5.33) 
5.6.4 Operation in the Presense of Noise 
Eqns. 5. 29 and 5. 30 above assume that the Doppler signal 
does not possess any noise. However, in practice noise is 
present so allowances must be made to reduce the occurance 
of false ·triggering of the zcc. This consists of a 
comparator threshold and a positive feedback hysteresis 
arrangement at the input of the ZCC. The value of the 
threshold is adjustable so that under different noise 
conditions it can be adjusted so that it exceeds the noise 
level. 
5.6.5 Accuracy and Response Time 
The mean value of the instantaneous ZCC frequency [fz] 
cannot be obtained instantaneously. A determination of a 
true mean value requires an infinite integration time. An 
infinite number of measurements of instantaneous frequency 
would have to be obtained and averaged in order to obtain 
such a value [Ref. 10]. 
The problem of a finite· measurement time has been examined 
by Berger [Ref. 3] in the context of airborne Doppler 
systems using radar, and 
theoretical studies carried 
[Ref. 38]. 
the analysis is based upon 
out by Schultheiss et al 
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If the instantaneous frequency of a finite bandwidth signal 
fluctuates about a mean value as in Fig. 5.8 then the key 
points from Schultheiss are listed directly below. 
z 
(/) 
-i )> 
f D z 
-i .. ,)> 
z 
rri 
0 
c 
(/) 
"'Tl ;:o 
rri 
D 
TIME (t) 
Fig. 5.9 Instantaneous fregyency fluctuating about a mean 
value 
49 
( i) The PDF of the instantaneous Doppler frequency has 
approximately the same width as the width of the power 
spectrum. In particular, the standard deviation of 
instantaneous frequency equals half the 3 dB bandwidth 
of the signal as in Eqn. 5.34 (see Fig. 5.9) 
(5.34) 
where a0 is the standard deviation of f 0 and of 0 is the 3dB 
bandwidth of the Doppler PSD. 
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PDF 
PSD 
fo f 
Fig. 5.10 Graphical representation of the relationship 
between a Doppler PDF and PSD 
(ii) Measurements of instantaneous frequency are 
statistically independant if seperated in time by the 
reciprocal of half the 3 dB bandwidth. 
The significance of these two statements can be appreciated 
after the Doppler bandwidth [of0] due to all the broadening 
effects of the Doppler signal has been derived. 
These two results are applied in Section 6.5.5.2 to derive 
and improve the accuracy of determining the mean Doppler 
frequency. 
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5.7 ULTRASONIC DESIGN CONSIDERATIONS 
5.7.1 Introduction 
The transducer of the system consists of two PZT 
piezoelectric crystals, one the transmitter (Tx.), the other 
the receiver (Rx.). The crystals convert electrical energy 
into mechanical vibrational (ultrasonic) energy and vica 
versa, depending on its application. 
The Tx. converts electrical energy into an ultrasonic beam 
which travels through the transmission path (see Section 
6.3.2), is backscattered by the bed-load particles, travels 
back through the transmission path and is detected by the 
Rx. crystal which converts the ultrasonic beam into 
electrical energy. 
In this section, the ultrasonic principles relevant to the 
optimization of the transducer design are discussed. Their 
relevance will become clear in the Chapter 6 on the System 
Design. 
For purposes of illustration two examples of a set of 
transducer parameters are used. The parameters within the 
set are the operating frequency [fT], the crystal radius [r] 
and the ultrasonic velocity within the transducer window 
transmission medium [cTW]· The operating frequency is lMHz 
and the crystal radius is 5mm as is the case in the final 
design. Two examples of typical transducer window materials 
are Epoxy resin (with c~ = 2400m/s) and steel (with 
CTW = 5600m/s) . 
51 
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The ultrasonic principles that must be presented in the 
following sections include the axial and the directivity 
intensity beam patterns, the propagation losses within the 
slurry and the backscattering strength from a layer of 
slurry particles. These principles are applied in Chapter 6 
on the system design. 
'" 
5.7.2 Axial Intensity Distribution 
For the case of a circular disc crystal (as is ~the case in 
the final design) operating in thickness mode vibrations 
(ie. as a piston source with CW stimulation), in a 
homogenous medium, the axial intensity distribution varies 
as a function of the distance from the crystal face. The 
relative intensity is given by a(z) as in Eqn. 5.35 [for 
example, Ref. 41, pl88]: 
a(z) = Iz/Io = sin 2 [ Jcr 2 + z 2 >' - z] •1f / }.. (5.35) 
where Iz is the intensity at distance z from the crystal 
Io is the maximum intensity 
r is the crystal radius 
A is the wavelength in the transmission medium 
Expressed in dB it is referred to as the Axial Index [AI] 
and is expressed as a function of z as follows: 
AI(z) = 10 Log [a(z)] (5.36) 
52 
The axial intensity ratio [ Iz/Io] is plotted against z in 
the two examples of Fig. 5.10 for fr = !MHz and r = 5mm. 
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The first graph is for _cTW = 2400m/s and the second is for 
cTw = 5600m/s. Two distinct zones for each case can be 
seen. In the region near the surface of the crystal, known 
as the near field, the intensity undergoes large variations. 
With increasing distance the intensity runs through a series 
of maxima (equal to one) of constant amplitude, with nulls 
(equal to zero) inbetween. 
', 
Axial Intensity Distribution vs. z [mml 
I 
Iz/lo(z) for <.p 17° and 0 = 43° 
~ = 17° 
® 
<p = 43° 
5 10 15 20 25 30 35 40 
Oistaice (z) CmmJ 
Fig. 5.11 Axial intensity distribution for a circular 
crystal 
The distance (zMAx) from the crystal to the last axial 
maximum intensity is given by the following relation 
[Ref. 41, pl88]: 
z MAX = ( 4 r 2 - }.. 2 ) I 4}.. (5.37) 
53 
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The region beyond zKAx is generally referred to as the far 
field. In this region the intensity falls off with distance 
as illustrated in Fig. 5.10. 
5.7.3 Directivity Intensity Pattern 
The radiation pattern of a beam in the far-field of &,piston 
source oscillating in an infinite baffle is given by the 
directivity function [b(0)]. The directivity function 
defines the ultrasonic beam pressure intensity . [Ia] at an 
I 
angle e from the normal axis of the crystal face. Along the 
axis the directivity function, defined by I 0, is a maximum 
value of one. 
The directivity function for an ultrasonic beam can be 
expressed by Eqn. 5.38 [Ref. 20, p177]: 
b(0) = = [ 2 J 1 ( kr • sin e ) J 2 
kr sin e 
where J 1 is the Bessel function of the. first kind 
(5.38) 
e is the crystal beamwidth measured from the normal 
k is the wave number = 2~/A 
r is the crystal radius as defined in Section 5.7.2 
It is seen that the directivity is simply a function of e 
for any given crystal and medium (ie. r and~ fixed). The 
directivity function can also be expressed in dB as a 
function of e and is referred to here as a Directivity Index 
as follows: 
DI(0) = 10 Log [b(0)] (5.39) 
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Fig. 5.12 shows two polQr plots illustrating the manner in 
which the directivity pattern of the crystals of the system 
vary with wavelength [~] (with r = 5mm, f = lMHz). The 
polar plot on th~ l~ft in Fig. 5.11 is for cTW = 5600m/s eg. 
for radiation into steei and the polar plot on the right is 
for cTw =. 2400m/s eg ~· f9r radiation into resin. 
"' - , - · · I I • ~ ! 
The first zero occurs at an angle.defined by i.p: 
' .. 
~ ·, - ~ ~ .. ·. .. ... 1 .. , 
2 J 1 (kr•sin i.p) = o 
kr·sin i.p = 3.83 
solve for i.p:. 
,. ~- • J- .. ! I . ' 
. ' 
i.p = sin~1 (0.61 ~/r) 
.. ..._ .. (5.40) 
Therefore the far field main-lobe. of a crystal source is 
theoretic~lly .confined within a co~e ~f ·haif-angle i.p, the 
r J • 
beamw~dth as,determined by the a~ove equation . 
.. " 
. ... 
... " 
Fig. 5.12 Two polar directivity patterns 
r -
The di~ectivity function can also.be expressed in:terms of i.p 
by subs~ituting sin i.p into Eqn. 5~38. If x. is set according 
to Eqn. 5:41., .then the directivity function can be expressed 
by Eqn. 5.42 for angles, e within the beamwidth. 
" 
• . . .. C:- - . r.:.· ;,_. .,. 
- . --- ~ 
./ . . . 
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beam may impinge upon. another particle and be returned to 
its original path. 
b) The mobility of the particles will be altered since the 
probability of collision is increased at high 
concentrations." 
58 
Generally the attenuation of an ultrasonic beam prop~gating 
through a slurry increases with frequency and depends on 
fluid properties such as viscosity, thermal conductivity, 
density and molecular structure; on particle properties such 
as size, shape, density and elasticity and 'the slurry 
properties such as density and concentration (Ref. 26, p60] 
give both experimental and theoretical results in which the 
above loss mechanisms are investigated. Attenuation through 
a medium is expressed in dB per distance travelled in the 
medium. 
Due to the complex dependance of the ultrasonic attenuation 
on the fluid, particle and the slurry properties, no attempt 
will be made to summarize these results. 
However Busby (Ref. 6] for example has measured 
experimentally the attenuation constant (a] per meter (a/m] 
in high concentration saturated slurry composed of marine 
sand in the frequency range 500kHz to 2MHz. Data is 
obtained for three grades of sand with particle diameters as 
follows, (mean particle diameter in given in brackets): 
(i) course: 350-650µm (450µm] 
(ii) medium: 70-300µm 
(iii) fine: 60-lSOµm 
[180µm] 
[120µm] 
These three grades of sand are typical of the type of solid 
particle that constitutes the slurry that is transported 
hydraulically in pipelines. The attenuation constants for 
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these saturated sands a~e presented here in tabular form in 
dB/mm to be used in later sections. For a particular 
penetration depth within the slurry [h], the Intensity Loss 
due to attenuation [AT, expressed in dB) is calculated by 
multiplying the attenuation constant by the penetration 
depth as follows: 
AT= a•h j_(5.43) 
PARTICLE SIZE F R E Q u E N C y {kHz} 
{ µ.m} 
[mean) 500kHz lMHz 2MHz 
' 
60-180 [120) 0.21 0.24 0.40 
70-300 [180) 0.12 0.26 1.70 
350-650 [450] 0.35 1.10 10.0 
Table. 5 •.. 2 Data of Attenuation constants [a] in saturated 
marine sands expressed in dB/mm 
5.7.5 Backscattering Strength from a Slurry Surface 
59 
It is important to calculate the re la ti ve backscattering 
power from the bed-load layer compared with the 
backscattering power from the suspended-load so that a value 
/ for the Penetration constant, kp can be derived. The 
Penetration constant is dicsussed in detail in Section 6.4.2 
and in Section 6.4.10. 
To derive values for the Penetration constant we only need 
to determine the relative backscattering power from the 
defined suspended-load compared with that from the bed-load 
layer. The absolute backscattering strengths from these 
layers need not be determined. 
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The backscattering strength from a layer of slurry particles 
can be assumed to be similar to the backscattering from the 
sea bottom since they both usually consist of saturated 
sediment. According to Urick [Ref. 43], the sea bottom acts 
as a reflecting and scattering boundary. If the boundary is 
perfectly plane, then only reflection occurs. As the 
boundary becomes more rough, so the scattering,,effect 
dominates the reflection effect. 
In the present case, the reflection effect can. be ignored 
l 
and only the scattering effect considered. This is because 
of the arrangement of the Tx. and Rx. crystals. For 
reflected energy to be received, the beamwidth of the Rx. 
crystal must lie within the specular direction, as defined 
by the Tx. beamwidth, which is not the case in the present 
system as in Fig. 5.13. 
Tx 
INTERFACE 
Rx 
SPECULAR REFLECTION 
DIRECTION 
Fig. 5.13 Illustration of specular reflection 
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Scattering effects are Qomplicated to analyse and are beyond 
the scope of this thesis. It suffices to mention that 
scattering is measured in terms of an intensity loss ,ie. as 
a ratio of the scattered to the incident intensity of the 
ultrasonic beam. This scattering loss from (sand slurry) 
particles depends on the particle size and roughness, the 
grazing angle and the operating frequency (Ref. 43, p243-
251 J. (, 
61 
In the context of backscattering from the sea bottom, 
variations from one place to another in the size.and packing 
.·' 
of the particles lead to differences in backward scattering 
(Ref. 31). This implies that the backscattering strength 
from layers of particles within the slurry will not be 
constant but rather fluctuate about a mean value. The 
backscattering strength can therefore be 
statistically by a mean and a standard deviation. 
expressed 
Since the backscattering parameters are common to both the 
bed-load particles and the suspended-load particles, the 
mean and standard deviation of the scattering strength from 
these two layers can be assumed to be equal. 
/ 
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_ CHAPTER 6 
6. SYSTEM DESIGN OF THE UDBV 
6.1 INTRODUCTION 
: ,, 
The Ultrasonic Doppler Bed-load Velocimeter (UDBV) system is 
based on the principle of operation of a fluid f lowmeter as 
discussed in Section. 5 .1. It consists of two integral 
parts, namely the transducer (comprising the transmitter 
(Tx.) and the receiver (Rx.) and the electronic system. 
The transducer function is to perform the conversion between 
electrical and ultrasonic energy and vica versa. Ultrasonic 
energy, represented by an ultrasonic beam travels from the 
Tx. crystal through the transducer window material, through 
the pipe-wall, and penetrates into the pipe transporting 
slurry in the form of saturated solid P?trticles (usually 
quartz) in solution. It is arranged, by means of focusing, 
that the particles that are travelling on the bed of the 
pipeline as bed-load backscatter the beam. Part of the 
backscattered beam is received by the Rx. crystal. 
Movement of the bed-load particles cause the Rx. signal to 
possess a Doppler shifted frequency content. Demodulation 
of the received signal is performed to extract this Doppler 
shift signal, which is then processed and converted to a 
current to provide an indication of the bed-load particle 
velocity. 
The system must be designed to satisfy all the requirements 
presented in Chapter 3. 
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6.2 IX>PPLER DEMODULATIOK 
6.2.1 Introduction 
Demodulation is the detection and extraction (or recovery) 
of a usually smaller amplitude, lower frequency, wanted 
signal which is modulating a usually known, larger signal 
(usually called the carrier). In the case of the :Doppler 
Velocimeter, it is the moving particles which modulates part 
of the transmitted ultrasound by changing its frequency 
content. If we recall from Eqns. 5 .17 to 5. 2.0 presented 
' 
here below, it can be seen that the received signal can be 
regarded as a carrier signal, being the breakthrough signal 
[Rs·cos wTt], which is both amplitude and phase modulated by 
the small Doppler signal. 
R(t) = [Rs + RD( t) ] cos t(t) (5.17) 
with RD(t) = RD cos (wDt + eD) (5.18) 
and t(t) = wTt + 1p(t) (5.19) 
where 1p(t) = -~ sin (wDt + eD) 
Rs 
(5.20) 
Amplitude modulation of the received signal is apparent from 
the RD(t) ter~, with the frequency of the amplitude 
(envelope) being equal to the Doppler frequency. Phase 
modulation is apparent from the 1p(t) term, where the phase 
is clearly seen to be a function of wD. 
The purpose of the demodulator is to extract the Doppler 
frequency as accurately and as reliably as possible. 
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6.2.2 Possible Demodulation Technigues and Choice 
Since the received signal is both amplitude and phase 
modulated by the Doppler signal, either amplitude or phase 
demodulation may be used to extract the Doppler signal. 
Amplitude demodulation techniques may be either non-
synchronous (such as envelope detection, 
demodulation etc) or synchronous. 
squar,e law 
Synchronous amplitude demodulation as apposed . to a non-
synchronous or phase demodulation technique was chosen for 
the following reasons: 
(i) Firstly, amplitude demodulation techniques are easier 
to implement than phase demodulation techniques. 
(ii) Secondly, phase demodulation will yield a demodulated 
signal with an amplitude proportional to Ro/RB (see 
cp(t) term of Eqn. 5.20) while synchronous amplitude 
demodulation will yield an amplitude proportional to 
R0 • Because Ro >> Ro/RB, the S/N ratio for synchronous 
amplitude demodulation is superior to that of phase 
demodulation. 
(iii) Thirdly, synchronous as apposed to non-synchronous 
amplitude demodulation was chosen because of its 
superior S/N ratio performance for the case when a 
large noise is present in the received signal. In 
Fig. 6.1, the output S/N ratio is plotted against the 
input S/N ratio, expressed as [t] from Lathi (Ref. 22, 
p265]]. From Fig. 6.1, it is clear that synchronous 
detection is superior to other forms of demodulation 
(such as envelope detection) when the input S/N ratio 
is low. 
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Envelope detection (AM) 
~ ., 
IS 20 -y, dB-
Fig. 6.1 Performance of synchronous as apposed to non-
synchronous (envelope detection) demodulation 
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(iv) Lastly, synchronous detection is easier to implement 
then phase demodulation techniques when the carrier 
signal is available for use in the demodulation, as is 
the case here, since it is directly available from the 
transmitter. 
6.2.3 Synchronous Demodulation 
Synchronous demodulation is a technique whereby the received 
signal to be demodulated is compared with the carrier 
signal, to yield the wanted modulating signal (ie. the 
Doppler signal). The process is as follows: the received 
signal [R(t)] is multiplied by a fraction [kc] of the 
carrier signal [kcT(t)] (which is obtained from the 
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transmitted signal, sinQe it is identical to the carrier, 
except for the fixed phase relation [08) existing between 
the two signals and a lower amplitude). The multiplication 
will yield sum and difference frequency terms as well as a 
DC term due to 08. The DC term and the high frequency sum 
term (with a center frequency of 2wT) are then filtered out 
with a band-pass filter, leaving the difference frequency 
term, being the modulating Doppler signal. The demodulation 
by multiplication can be expressed by 14< ( t) as in Eqn. 6. 1 
below. The expression for R(t) in Eqn. 5.15 is substituted 
into Eqn. 6 . 1. 
( 6 .1) 
= kcT•RB/2 {cos (2wTt + 0B) +cos 0B} 
+kcT·Ro/2 {cos ( 2wTt + w0t + e0 ) + cos (w0t + e0 )} 
The DC term, kcT•R8/2 cos e8 and the high frequency terms in 
the region 2wT are then rem ved by band pass filtering. Let 
D=kcT•Ro/2, leaving the filtered, demodulated Doppler 
signal, expressed as D(t): 
D(t) = D cos (w0t + e0) (6.2) 
synchronous demodulation has thus eliminated the carrier / 
(ie. the breakthrough) and shifted the wanted Doppler signal 
·into the base-band of the frequency spectrum for further 
analysis. 
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6.3 TRANSDUCER DESIGN TERMS, PARAMETERS AND SIMPLIFICATIONS 
6.3.1 Introduction 
The transducer is defined as that part of the system 
consisting of the Tx. and Rx. crystals to convert ultrasonic 
energy into an e~ectrical signal, (or vica versa) ~nd the 
window material which provides efficient ultrasonic coupling 
between the crystals and the pipe-wall (see Fig. 5.1). 
The system parameters describing the transducer will be 
discussed in the following sections. Limits imposed on 
these parameters if applicable are to be discussed. 
6.3.2 Transmission Path 
The transmission path is the path that the ultrasonic beam 
travels along from the Tx. to the backscattering particles 
and back to the Rx. Al ng this path, the beam travels 
through three, four or five media before being 
backscattered. 
The beam travels from the Tx. within the transducer, through 
the transducer window material (within the transducer 
housing or the wedge), through the pipe-wall (typically 
steel or 'perspex'), through the pipe-lining material 
(polyurethane) if present and then enters the slurry. A 
part of the beam is backscattered at the bottom of the bed-
load layer by the bed-load particles while a part penetrates 
through the bed-load layer slurry to be backscattered by the 
suspended-load layer particles. (see Fig. 6.2) 
Un
ive
rsi
ty 
of 
Ca
pe
 T
ow
n 
• 
I 
INSONIFIED VOLUME EXTENDS INTO 
SUSPENDED-LOAD LAYER. 
BACKSCATTERING FROM THESE 
PARTICLES IS THEREFORE INEVITABLE 
EFFECTIVE SUSPENDED-LOAD LA YER 
TRANSDUCER WINDOW 
LAYER 
Tx 
68 
d 
Rx 
Fig. 6.2 Transmission Mediums 
In the sections that follow, 
power from the suspended-load 
from 
the relative backscattering 
layer is compared with the 
the bed-load layer. The backscattering power 
transmission path is different for both cases. In 
determining the bed-load backscattering power, the 
transmission path is through the transducer window and the 
pipe-wall (and the pipe-lining material if present). 
However, for the case of determining the backscattering 
power from the suspended-load particles, the transmission 
path includes the bed-load slurry layer since the beam will 
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penetrate through this layer too in detecting suspended-load 
particles. 
6.3.3 Transducer System Constant Parameters 
The transducer system variables must be defined so that the 
transducer design parameters can be optimized. These 
variables are listed, with their corresponding units in 
{brackets}: 
(i) The transmitter operating frequency [fT] {kHz} 
(ii) The ultrasonic velocity in the transducer window 
transmission medium [cTwl {m/s}. 
(iii) The crystal radii [r] {mm} 
(iv) The effective transmission path length [d] {mm} (see 
Fig .. 6.2). 
(v) The crystal orientation angles [ eT and 0R] 
discussed in Section 6.3.7 (i), eR = 90°) 
(as 
In the final design, circular crystals with an operating 
resonant frequency [fT] of approximately lMHz and with a 
radius [ r] of 5mm were used. These crystals were chosen · 
since they were easily available and also because they 
satisfy the optimized design parameter choice discussed in 
Section 6.6. 
Two examples of transducer window materials are used in the 
system design analyses which follow to illustrate the effect 
of the ultrasonic velocity on various aspects of the system 
operation. These materials are Epoxy Resin with 
Un
ive
rsi
ty 
of 
Ca
pe
 T
ow
n 
crw = 2400m/s (which is the case in the final design) and 
steel, with en= 5600m/s. 
A set of three system parameters, f T, r and cTw together 
describe the value of the beamwidth in the transmission 
medium [IP] according to Eqn. 5.40. Each parameter will 
seperately influence the beamwidth which influences various 
system design analyses. The beamwidth alone can be used as 
a system parameter for the system design analyses. In this 
way the three system parameters [fT, r and en) are defined 
in terms of one parameter, the beamwidth [IP]· 
Two sets of system parameters were used in the system design 
analyses that follow in later sections. Both sets had 
fT = lMHz and r = 5mm. However the first had cTW = 2400m/s 
(Epoxy Resin) and the second set had cTI! = 5600 (steel). 
The value of the beamwidth for the first and second set is 
calculated from Eqn. 5.40: IP = 17° (for propagation in 
resin) and IP = 43° (for propagation in steel). These two 
values of IP are used in later sections for the two sets of 
system parameters. Other sets of system parameters could 
abviously also yield the same value for IP· 
6.3.4 Transducer System Assumptions 
70 
Transducer design assumptions are presented and verified. 
These assumptions are implied in the transducer system 
design that is discussed in later sections. 
( i ) Total internal reflection at the transducer 
window/pipe-wall does not occur 
If an ultrasonic beam propagates from one medium [medium 1) 
into another medium (medium 2] which has a different 
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ultrasonic velocity froJO the first medium, then the beam 
will refract (bend) at the interface of the two mediums if 
the incident angle is greater than zero (ie. incidence is 
not perpindicular to the interface). 
If the second medium velocity [c2 ] is greater than the first 
beam velocity [ c 1 ] (as is the case for propagation from a 
Resin transducer window into a steel pipe-wall) an~.if the 
second medium were infinitely thick then total internal 
reflection would take place within it at incident angles 
below the critical angle [ ec]. The incident angle is 
' defined as a grazing angle (ie. an angle between the 
' incident beam and the interface, such as the angle e1 of 
Fig. 6.5), to be consistent with the notation of the Tx. and 
Rx. orientation (grazing) angles defined by the Doppler 
equation. 
The critical angle [0c] is defined by equation 6.3: 
( 6. 3) 
For incidence in the Epoxy Resin transducer window ( ie. 
c 1 = 2400m/s) and transmission into a steel pipe-wall (ie. 
c 2 = 5600m/s), the critical angle can be derived as follows: 
ec = cos-1 (c1 /c2 ) 
~ 65° / 
71 
This implies that incident angles below 65 ° measured from 
the interface will not propagate from the resin transducer 
window into the steel pipe-wall, if the steel pipe-wall were 
infinitely thick. However, in the case of finite 
transmission medium [medium 2] thickness ( ie. for a steel 
pipe-wall of finite thickness), total reflection will not 
occur, and partial penetration through the layer will take 
place. [Ref. 4, p22]. Generally, as the layer becomes 
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thicker, and as the incident angle as defined in this 
section decreases 
becomes larger. 
so the reflection at the interface 
It is verified in practice that total internal reflection 
does not occur even when the incident angle of the Tx. 
exceeds the critical angle. In the final design, the Tx. 
orientation angle [0T] equals approximately 30°, whioo is in 
fact below the critical angle. At this angle, Doppler 
signals are detected from particles travelling within the 
pipeline, implying that propagation through the.steel pipe-
, 
wall exists. The steel pipe-wall should be as thin as 
possible to increase the transmission of the ultrasound 
through it. The Tx. orientation angle [ eT] should not be 
too small _since this will increase unwanted reflections from 
the transmission path interfaces and degrade the S/N ratio 
of the Doppler signals. 
(ii) Only longitudinal wave propagation is considered. 
·only longitudinal waves are supported by both liquid and 
solid materials. Other types of ultrasonic waves are 
supported by solids alone, such as shear waves. Since the 
slurry is composed of liquid it is assumed that the 
backscattered ultrasonic beam from the slurry is only in the 
form of a longitudinal wave. In practice, the Doppler 
frequencie:s are close to the frequency predicted by the 
Doppler equation. If the shear wave velocity within the 
transmission medium is assumed and used by the Doppler 
equation to predict the Doppler frequency, then it is seen 
that the predictions are false. It is therefore assumed 
that the ultrasonic energy of the beams due to 
backscattering from the slurry is in the form of 
longitudinal waves. 
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(iii) The surface scattering strength from the bed-load 
equals that from the suspended-load. 
As discussed in Section 5.7.5, the scattering strength 
statistics from the bed-load layer equals that from the 
suspended-load. 
6.3.5 Requirements that the Transducer must Satisfy 
I 
The following requirements must be satisfied by the 
transducer for improving the operating performance of the 
Velocimeter: 
(i) The signal to noise ratio (S/N) of the Doppler shifted 
received signal from the bed-load slurry particles 
should be as high as possible to maximise the 
probability of detecting bed-load Doppler signals 
compared · with the unavoidable detection of noise 
signals. Care must therefore be taken to ensure that 
the attenuation through the transmission path is as 
low as possible. 
73 
(ii) The probability of detecting bed-load particle 
velocities should be high compared with the 
probability of detecting suspended particles. ie. 
detecting Doppler shift signals from the bed-load 
particles must be high compared with detecting Doppler 
shift signals from suspended-load particles. 
(iii) Reflections at the interfaces in the transmission path 
must be minimized. The S/N ratio stated above in 
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point ( i) will be maximised if the reflections are 
minimised and the transmission energy is maximised. 
(iv) The Doppler spectrum must be as narrow as possible ie. 
the broadening effects must be minimized so that the 
accuracy in determining the mean Doppler frequency is 
increased. '., 
6.3.6 Construction Details 
As already mentioned, the transducer consists of a Tx. and 
Rx. Piezoelectric (PZT) ceramic crystal mounted on the 
transducer window. The transducer window can consist of a 
material that supports ultrasonic transmission at the chosen 
operating frequency of lMHz with a suitably low attenuation. 
Its ultrasonic velocity is important since it determines the 
beamwidth of the Tx. and Rx. beams. This is discussed more 
fully in later sections. It must be a hard, stiff material 
to withstand normal mechanical stresses and strains 
encountered by mounting the transducer on a pipe-line. 
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Two types of transducers were constructed and experimented 
with as follows: 
(i) Wedge 
A mounting structure, often referred to in the literature as 
a 'wedge' (from its shape), shaped so that its front face is 
attached to the pipe-line as in Fig. 6.3. 
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CURVED FRONT FACE 
CONNECTING BLOCK 
:: ,, 
PZT CRYSTAL (Tx) 
PZT CRYSTAL (Rx) 
Fig. 6.3 Construction of the wedge-type transducer 
The Tx. and Rx. crystals are glued onto seperate faces so 
that the intersection of the Tx. and Rx. beams is at the 
point of velocity detection. 
Two thin wires are soldered onto each of the silvered faces 
of the crystals and lead to a connecting block on the wedge. 
Various wedges were constructed of different shapes and 
materials. Three materials experimented with were PVC, 
'Perspex' and Steel. 
(ii) Metal Housing 
A closed-cell rigid PVC foam block was shaped as in Fig. 6.4 
to effectively provide an air backing for the crystals. The 
surf aces were shaped to provide the correct orientation of 
the crystals relative to the bed-load. ( ie. the angles eT 
and eR). 
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PZT CRYSTAL (Tx) 
EPOXY RESIN 
PZT CRYSTAL (Rx) 
: .. 
THIN CONDUCTING WIRE 
DIECAST ALUMINIUM CASING 
BNC SOCKET 
HIGH DENSITY FOAM 
Fig. 6.4 Construction of the metal-housing type-transducer 
A thin wire conductor was soldered to each of the silvered 
faces of the transducers and led to the edge of the foam 
where they were connected to co-axial sockets. (The 
crystals were similarly orientated with respect to their 
polarity). 
The foam block was placed in an open-topped metal housing. 
The ground terminals of the co-axial sockets were commoned 
together via the metal housing. The housing was then filled 
with a low viscosity Ciba Geiga epoxy resin until the level 
of the resin approached the rim of the housing. The resin 
was poured with care to ensure that no air-bubbles formed, 
which would retard the ultrasonic transmission. 
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The advantages of this type of construction is that the 
entire transducer is sealed, which is ideal for harsh, 
external environmental conditions. 
6.3.7 Transducer Crystal Geometry 
(i) The Orientation angles [0T and 0R] {deg} 
I 
77 
The orientation angles of the Tx. and Rx. crystals (defined 
by eT and 0R) are the angles between their normals and the 
pipe wall. The normal of the Rx. crystal face is 
perpindicular to the pipe wall (ie. eR =·90°). In this way, 
the Rx. is focused on the bed-load directly above it. This 
orientation is suitable since it simplifies the transducer 
window construction. It also facilitates focusing on the 
bed-load particles. The Tx. crystal orientation angle is a 
focusing design parameter. Focusing analysis is carried out 
for eT between 10° and 50° in Section 6.4.12. 
(ii) Effective Axial Path Length [d] {mm} 
The effective axial path length [d] is the effective 
straight line that the ultrasonic beam travels along the 
transmission path from the Rx. crystal to the focused point 
on the bottom of the bed-load layer. This dimension also 
describes the effective straight line path length from the 
Tx. crystal to the focused point on the bottom of the bed-
load layer. 
Along the transmission path the beam will refract at the 
interfaces (assuming no pipe lining material is present then 
refraction will occur at the transducer window/pipe-wall 
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interface and at the pipe-wall/slurry interface). The 
refraction depends on the ultrasonic velocity ratio of the 
two layers and the incident angle at the interface of the 
layers and can be described by Snell's Law as follows: 
= ( 6. 4) 
cos 01 
where cl and c2 are the velocities in the two mediums and 01 
and 02 are the beam angles in the two mediums (between the 
beams and the interface of the mediums) as in Fig .. 6. 5. 
' 
To simplify the system design analysis that follows (axial 
intensity, beam patterns etc. ) the second medium can be 
assumed to have an identical velocity to the first medium. 
If this is the case then refraction effects at the interface 
between the two mediums can be ignored, so that the beam 
travels in a straight line. For this assumption to hold 
without errors being introduced requires the beam path 
length to be defined in terms of an effective path length. 
This effective path length is defined as follows: 
( 6. 5) 
78 
where c 2 is the ultrasonic velocity in the second medium (in 
which refraction occurs), c 1 is the velocity in the (first) 
transmission medium, d 2 is the actual transmission path 
length in medium 2 and d 2 (E) is the effective transmission 
path length within the second medium with straight line beam 
propagation referred to the first medium as in Fig. 6.5. 
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EFFECTIVE NON-REFRACTED BEAM 
PATH LENGTH 
I 
I 
I 
I 
I __________________________ J _______ _ 
REFRACTION 
INTERFACE 
C1 9,\ 
ACTUAL REFRACTED BEAM 
PATH LENGTH 
', 
TRANSMISSION MEDIUM 2 
INCIDENT MEDIUM 
c, I cos e, = Cz/ cos g2 
Fig. 6.5 Snell's Law of refraction in terms of effective 
path lengths 
Equation 6.5 can be applied to the pipe-wall, which has an 
ultrasonic velocity defined by Cpw and an actual thickness 
dimension defined by dpw· This effective dimension [dpw(E)] 
(see Fig. 6. 6) can be ref erred to the transducer window 
material, which has an ultrasonic velocity defined by crw, 
as follows: 
(6.6) 
79 
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REFRACTION 
Ciw 
/ I 
/ I 
// I 
/ I 
// I 
/ I 
// I 
d 
Rx 
Fig. 6.6 Actual and effective pipe-wall thickness 
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For example, the effective transmission path length can be 
calculated for a steel pipe-wall ( Cpw = 5600m/s) of 4mm and 
a transducer window material of Epoxy Resin ( cTw = 2400m/s) 
as follows: 
d~(E) = 5600/2400·4 
= 9.33mm 
The effective transmission path length [d] can now be 
determined by adding the path length within the transducer 
window [drwJ to the effective path length of the pipe-wall 
[dpw(E)]. If a pipe-lining material is present, then its 
effective thickness [defined by dPL(E)] should be calculated 
according to the procedure for . the pipe-wall. Assume for 
the system analysis that follows that no pipe-lining is 
present so that the effective path length can be expressed 
as follows: 
d = drw + dpw(E) ( 6. 7) 
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6.3.8 Pipe-wall Thickness 
The pipe-wall thickness influences the ultrasonic reflection 
at the transducer-window/pipe-wall interface within the 
transmission path. If the pipe-wall material has an 
ultrasonic velocity which differs markedly froJn the 
ultrasonic velocity of the transducer window, then the pipe-
wall thickness should be minimized. This is necessary_ so 
that the requirement above (Section 6. 3. 5 .(iii)), of 
minimising the ultrasonic reflections at the interfaces 
within the transmission path is minimized. Most of the 
reflection within the transmission path occurs at the 
transducer window/pipe-wall interface, especially if their 
ultrasonic velocities are markedly different. 
If the pipe-wall material has an ultrasonic velocity similar 
to the ultrasonic velocity of the transducer window material 
( eg. Perspex, · PVC pipe-wall for an Epoxy Resin transducer 
window) then the reflection is small and of little 
consequence. 
However, with a steel pipe-line,. the reflection coefficient 
is large. A derivation of the actual reflection coefficent 
for the particular system parameters (the ultrasonic 
velocities within the mediums, the operating frequency, the 
dimensions of the mediums and the angles of incidence etc.) 
is beyond the scope of this thesis. Suffice is to state 
(from Section 6. 3. 4 ( i)) that as the material (pipe-wall) 
thickness is reduced, so the reflection coefficient is 
reduced and correspondingly, the S/N ratio of the ultrasonic 
transmitted signal is improved. It is therefore desirable 
to have as thin a pipe-wall as possible (for the case of 
Steel and other pipe materials that have ultrasonic 
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velocities considerably ~reater than the velocity within the 
transducer window). 
A lower limit on the pipe-wall thickness [d~] is determined 
from the lower limit of the pressure that the pipeline must 
withstand. The minimum thickness for most applications of 
the UDBV is 4mm. A steel pipeline that has a wall thickness 
that exceeds 4mm can usually be milled down to 4nun while 
still being able to support the hydraulic pressures. For 
purposes of analysis, this dimension is assumed in later 
calculations. 
6.3.9 Lower Limit on the Effective Path Length 
The lower limit of the effective transmission path length 
[ d] depends on the lower limit of the dimensions of the 
transducer window path length [dTwJ and the lower limit on 
the effective pipe-wall thickness [dpw(E)] according to 
Eqn. 6.6 above. For a steel pipe-wall it was stated above 
that the minimum wall thickness, d~ = 4mm, which 
corresponds to an effective value calculated from the 
example above in Section 6.3.7 (ii) of 9.33mm 
82 
The lower limit o'f the transducer window path length is 
equal to zAAX' where zAAX is calculated according to Eqn. 5.37 
for a particular set / of transducer parameters (see 
Section 6. 3. 3) . For example, with the set of parameters 
such that f T = !MHz, r = 5mm and cTw = 2400m/s, zAAx = 9. 82mm 
as verified by the value of z at the peak of the 1p = 17 ° 
graph in Fig. 5.10 (this graph is for the same set of system 
parameters). The lower limit on d for these system 
parameters is calculated by adding dpw(E) and dTw as in 
Eqn. 6.7, to yield d = 9.33 + 9.82 = 19.15mm (for a 4mm 
pipe-wall). 
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It is arranged so that_ drw exceeds zMAx so that ultrasonic 
far-field beam equations can be applied to the focusing 
analysis that follows in Section 6.4. It is desirable that 
drw > zMAx for two reasons: 
(1) Axial intensity from bed-load particles is a maximum 
The backscattering power from the bed-load particles depends 
on the ultrasonic beam intensity at the focused point. It 
is desirable to maximize the backscattering power to 
' increase the probability of detecting bed-load particle 
velocities as apposed to the detection of suspended-load 
particle velocities. 
The region close the crystal at a distance < zMAx is known as 
the near-field. Within this region the axial beam intensity 
undergoes large relative amplitude variations (Iz/Io ranges 
between o and 1, see Fig. 5.10.) within short axial 
distances from the crystal. It is therefore difficult in 
practice to ensure that the beam int.ensi ty is large at the 
focused point on the bed. Slight variations in the focusing 
system parameters (see Section 6. 4. 2) will have a marked 
effect on the axial beam intensity. 
In the far-field, the axial intensity falls off with 
distance gradually. The relative intensity, Iz/Io will be a 
maximum at the beginning of the far-field compared with 
distances further away from the crystal. Operation in the 
far field will ensure that the axial intensity from bed-load 
particles exceeds the intensity from suspended-load 
particles (since they are further from the crystal). 
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(2) The A is defined by the transducer window. 
The ultrasonic wavelength [ >-.] in a medium determines the 
beam intensity characteristics within the medium. The 
focusing efficiency (defined in Section 6. 4. 2) depends on 
the beam intensity characteristics. The focusing efficiency 
can be optimized by suitably chosing a transducer window 
material which has a desirable ultrasonic wavelength~. 
The }.. is accurately defined in terms of the transducer 
window material only if the dimensions are large relative to 
' 
the }.. within it ie. if dTw > zMAx· If dTw < zMAx then the pipe 
wall material would influence the value of ~ and the 
focusing efficiency would be dependant on the pipe-wall 
material, which is undesirable. 
6.3.10 Lower Limit on Transmitter Orientation Angle 
As mentioned in Section 6. 3. 5 (iii) above, the ultrasonic 
reflection at the transducer window/pipe-wall interface 
should be minimized. The reflection coefficient at this 
interface is dependent on the incident angle of the 
ultrasonic beam (ie .. on 0T)· As eT approaches zero so the 
reflection coefficient increases. The exact relationship 
between eT and the reflection coefficient is complicated to 
predict in theory for the following two reasons: 
( i) the pipe-wall thickness is usually thin (within the 
vacinity of one or a few wavelengths) and 
(ii) if the pipe-wall material is steel then eT exceeds the 
critical angle (as defined above by 0c), which implies 
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that the angle of xhe ultrasonic beam in the pipe-wall 
is a complex angle. 
Calculating the reflection coeff icent for these conditions 
is complex and beyond the scope of this dissitation. 
Experimentation however proved that the minimum value of eT 
for an acceptable Doppler S/N ratio is 30°. 
~ ., 
6.3.11 Upper Limit on Freguency Choice 
The ultrasonic attenuation through materials is dependent on 
the operating frequency. In certain practical situations 
pipe-lines are lined with rubber to reduce the wear rate of 
the pipeline. Attenuation will occur in this lining 
material. The lining material is typically 6mm. Results of 
tests carried out on the ultrasonic transmission through 
this rubber at the chosen operating frequency of lMHz 
demonstarted that the S/N ratio of a beam propagating 
through this material was too low to be acceptable for 
detecting Doppler signals. For this reason tests on 
polyurethane materials having as low or lower wear rates 
than typical rubber were carried out. Also, tests on the 
attenuation through these polyurethane materials was carried 
out and it was demonstrated that the attenuation was 
considerably lower than for the rubber. 
A polyurethane that possessed both low wear rates and 
relatively low attenuation was chosen: a Polyether 
Polyurethane. The attenuation through the polyurethane was 
considerable lower than through the rubber at lMHz. The 
improvement in the propagation strength could not accurately 
be compared with rubber since the attenuation through the 
rubber was too low to be measured accurately. At 
frequencies of lMHz and below, the S/N ratio through this 
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polyurethane is acceptaQle, imposing an upper limit of lMHz 
on the operating frequency. 
A low operating frequency is unacceptable since the 
beamwidth [~] will increase. In Section 6.6 on the 
transducer design parameter optimization, it will be shown 
that a wide beamwidth is unacceptable. Therefore as a 
compromise between lowering the transmission S/N ratio and 
reducing the beamwidth, an operating frequency of lMHz is 
chosen for the design. 
6.4 ULTRASONIC FOCUSING ON THE BED-LOAD 
6.4.1 Introduction 
86 
Focusing involves directing the Tx. and Rx. crystals at the 
bed-load layer particles. The necessity and main objective 
of focusing is to receive backscattered Doppler signals due 
to the velocity of the bed-load particles as accurately as 
possible within a specified response time. However, because 
the Tx. and Rx. have a finite beamwidth, the intersection of 
the beams, known as the insonified volume, extends into 
layers of particles above the bed-load (see Fig. 6.2y. 
The two main problems inherent in a system of this kind is 
that firstly the detected Doppler frequency is not discrete 
but rather has a spectral content which is spread about its 
mean value.over a finite width and secondly unwanted Doppler 
shift signals are detected from particles travelling above 
the bed-load particles as suspended-load particles. These 
two problems reduces the accuracy of determining bed-load 
velocities accurately. 
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Focusing of the Tx. and ~x. crystal on a specific point can 
be achieved so that the intensity of reflections from this 
point can be maximised. The following two conditions must 
be satisfied: 
(i) The crystals are directed at the point 
(ii) The transmission path length exceeds z~x· ~ ., 
The maximum intensity of the crystals lie on a line 
extending from the normal of the center of the face of the 
' 
crystal. If these lines intersect at a point on the bottom 
of the bed-load particles above the transducer then the 
reflection strength from these particles is a maximum. 
The analysis of focusing is carried out on a "Quatro" 
Spreadsheet for a particular set of focusing parameters. 
All the aspects of focusing and its implementation on the 
Spreadsheet is discussed in the relevant sections that 
follow. 
6.4.2 Focusing Efficiency and Focusing Parameters 
The efficiency of a focused system can be defined as a 
measure of: 
( i) The probability of detecting bed-load particle 
velocities relative to the detection of suspended-load 
particle velocities. 
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(ii) The Doppler spect:cal width. The focusing efficiency 
is increased if the Doppler spectral width due to the 
broadening causes (see section 6.5) is reduced. 
The focusing eff iciehcy is dependant on four system 
parameters, referred to as the focusing parameters. 
parameters are: 
~ ., 
(i) The beamwidth within the transmission path [~]. 
(ii) The transmission path length [d]. 
(iii) The Tx. crystal orientation angle [9T] 
(iv) The suspended-load particle height [HJ 
These 
88 
For a particular set of focusing parameters, the ultrasonic 
beam pattern in terms of its intensity, power and effective 
insonif ied surface area are derived at the bed-load and at 
the suspended-load particles. From this information, a 
focusing efficiency analysis can be carried out. 
In Section 6.7.7 the focusing efficiency in terms of 
detecting bed-load particle velocities is defined by a bed-
load particle detection probability function. This 
probability function depends on a constant referred to as 
the Penetration constant [kp], which in turn is a function 
of the focusing parameters. 
The focusing efficiency in terms of the Doppler spectral 
broadening effects is also dependant on the focusing 
parameters. Specifically, transit time broadening is a 
function of ~, d and eT and is discussed in detail in 
Section 6.5.2. Beamwidth broadening is derived from one of 
the ultrasonic beam pattern intensity terms, namely the 
Directivity Index which is expressed in terms of ~· 
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6.4.3 Penetration Constant Defined 
If we recall from Section 5.2.2, the bed-load particles 
travel in a layer that extends up to H within the pipeline. 
The bottom layer of the bed-load layer is defined by h = o, 
ie. the layer of particles that travel on the pipe soffit. 
The particles travelling above H are defined as the 
suspended-load particles. If these particles are ),ocated 
within the insonified volume then the incident beam from the 
Tx. penetrates through the bed-load layer and is 
backscattered by the suspended-load particles. I.n this case 
' 
the bed-load layer forms part of the transmission path as in 
Fig. 6.2. 
When the flow regime is defined by vMl < vM < vM2 , the bed-
load layer is stationary and the suspended-load particles 
are in motion. In this regime, part of the backscattering 
beam will possess Doppler shifted frequencies due to 
suspended-load particle motion, and falsely indicate a 
moving bed. 
A Penetration constant [kp] is defined and evaluated to 
describe the relative maximum backscattered power from a 
surface layer of the suspended-load layer particles compared 
with the maximum backscattering power from a surface layer 
of the bed-load layer of particles. It is expressed as a 
ratio of these two backscattering powers as folYows: 
kp ( H ) = Max { Psus ( h ) } I Max { PBED ( h) } ( 6. 8) 
and in dB, kp is expressed as follows: 
kp(H) {dB} = 10 Log [Max {Psus(h)} / Max {PBEo(h)} J 
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The value of this constant is a function of the focusing 
parameters. If the two focusing 
(Section 6.4.1) are satisfied then kp is a 
and is inversely related to h for all 
criteria above 
maximum at h = O 
sets of focusing 
parameters. This means that the maximum backscattering 
power from the bed-load is due to backscattering from the 
lowest layer of particles, ie. from the particles travelling 
at h = O (when vBED > O) and is defined by P( O). Similarly, 
the maximum backscattering power from the suspended-load is 
due to backscattering from the lowest layer of particles, 
ie. from the particles travelling at h = H (wnen Vsus > o) 
and is defined by P(H): 
Max {Psus(h)} = P(H) 
where h ~ H 
Max { PBED ( h) } = p ( 0 ) 
where o $ h < H 
(6.9) 
(6.10) 
The Penetration constant can therefore defined as follows: 
kp(H) = P(H)/P(O) (6.11) 
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The Penetration Constant [kp] is defined in this Section and 
evaluated in Section 6.4.11 after the relevant constants 
required to evaluate kp are derived. 
Focusing parameters 
probability function 
determine the 
of detecting 
value of kp• The 
bed-load particle 
velocities is expressed in Section 6. 7. 7 in terms of kp. 
'simply, a lower value of kp leads to a higher probability of 
detecting bed-load particle velocities relative to detecting 
suspended-load particle velocities. It is therefore 
desirable to minimize the value of kp with a suitable choice 
of focusing parameters. 
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6.4.4 Intensity and Power of a Focused Ultrasonic Beam 
The relative intensity of a focused Tx. and Rx. system must 
be analysed and derived so that the relative backscattering 
power from the bed-load layer and from the suspended-load 
layer within the slurry can be derived, since this 
information is necessary to derive kp. , , 
Generally, the power of an ultrasonic beam at a distance z 
emin~ting from a source is defined as the intensity times 
the area of the beam at z. If a surface target is 
insonified by a Tx. beam, then the backscattering power [P] 
strength from the target at a Rx. is related to the 
intensity [I] times the insonified surface area of the 
target [A] times the surface backscattering strength [S] of 
the target as in Eqn. 6.12. 
P = I•A•S (6.12) 
If the intensity is not constant over the insonified area of 
the target, then the intensity must be integrated over the 
area to yield the backscattering power. The integration 
process can be simplified by using the peak value of· the 
intensity over the surface of the target and by defining the 
effective area as the area over which the intensity does not 
deviate by more than a pre-deter~ined amount (eg. /3dB) from 
the maximum intensity at the target. 
The simple relation above is applied in calculating P(H) and 
P(O) so that kp can be calculated. 
The peak intensity from a layer of particles travelling at a 
height of h up from the pipe soffit is defined by I(h). At 
the bed-load bottom surface (at h = O) the peak intensity is 
expressed by I(O) and at a layer of particles at the 
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suspended-load bottom surface (at h = H) the peak intensity 
is referred to as the suspended-load intensity and is 
expressed by I(H). 
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The effective areas as defined above of the insonified bed-
load layer is expressed by A(O) and the effective insonified 
surface area of the suspended-load layer is defined by A(H). 
These areas are determined by evaluating the intensity beam 
pattern and is explained in detail in Section 6.4.10. 
Since the backscattering strengths for each surface layer 
are equal (as discussed in Section 5.7.5), the ratio of the 
backscattering power can be defined independently of the 
surface backscattering strength. Also, since it is a 
relative backscattering power that must be determined, the 
transmitter power and the receiver sensitivity can be 
ignored since these factors are common to both calculations. 
The attenuation loss along the common transmission path can 
be ignored (ie. along d). The attenuation that occurs along 
the extra transmission path ie. within the bed-load layers 
for backscattering from the suspended-load surface must be 
included in the I(H) intensity term. The ratio of the 
backscattering powers is defined by Eqn. 6.13 as follows: 
kp(H) = P(H)/P(O) = I(H)•A(H)/I(O)•A(O) (6.13) 
6.4.5 Focused Total Intensity Index and Peak Total Intensity 
Index 
The peak intensity expressed in dB is referred to as a Peak 
Total Intensity Index [TLp(h)] as follows: 
TLp ( h ) = 10 Log [ I ( h ) ] (6.14) 
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TLp(h) must be evaluated.. for h = O and for h = H from which 
I(O) and I(H) can be determined and Eqn. 6.13 can be 
solved. TLp ( h) is determined from the peak of a Focused 
Total Intensity Index term defined for the layer of 
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particles at h. This Focused Total Intensity Index term 
describes the intensity index at a defined particle location 
within the slurry. 
The particle location is defined by a coordinate system 
[h,61PJd in terms of the particle height [h] up from the pipe 
soff it and a particle angle [ 61PR]. The par~icle angle 
I 
specifies the direction that a beam ray travels relative to 
the Rx. normal within the transmission medium ( ie. the 
transducer window) so that the ray passes through the 
The angle lies within the beamwidth so specific particle. 
that -1P < 61PR < IP. This definition of the angle includes 
refraction at the slurry interface, as the effects of 
illustrated in Fig. 6.6, which also illustrates other 
transducer geometry variables, which will be discussed where 
appropriate. The actual and effective particle heights of 
the slurry as illustrated in Fig. 6.6 will be discussed in 
the following section. 
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ACTUAL BEGINNING OF SUSPENDED-LOAD 
PARTICLE DEFINED BY LOCATION (h,bip~) 
EFFECTIVE BEGINNING OF SUSPENDED-LOAD 
FOCUSED POINT ON THE BED-LOAD 
TLr(0,0°)=0d8 if d = ZwAX 
Cst. 
CTW 
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TLr (H, ~If,_) 
EFFE TIVE PARTICLE 
LOCA ION 
h 
. 
EFFECTIVE TRANSMISSION 
d PATH (TRANSDUCER 
WINDOW AND PIPE WALL) 
Fig. 6.7 Actual and Effective particle locations within the 
slurry 
The Focused Total Intensity Index [TLp(h,cS'PR)] is calculated 
by adding the three beam intensity loss terms defined for 
the location (h, cSIPR). These three loss terms are the 
Focused Directivity Index [Dip(h,cSIPR)] the Focused· Axial 
Index [Aip(h,cS'PR)] and the Attenuation Index [AT(h)]. 
The Focused Directivity Index is the sum of the Directivity 
Index of the Tx. and the Rx. These Directivity Indexes are 
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the relative ultrasonic beam intensities calculated from the 
directivity function equation (Eqns. 5.38 and 5.39) at the 
location within the slurry defined by the coordinates h,6fPR. 
The intensities are relative to the maximum intensity which 
will occur for the focused point (ie. h = O and 6~R = 0°). 
The Focused Axial Index is the sum of the Axial Index of the 
Tx. and the Rx. These Axial Indexes are the :telati ve 
ultrasonic beam intensities calculated from the axial 
intensity equation (Eqn. 5.35 and 5.36) at the location 
within the slurry defined by the coordinated h, 6~R· The 
t 
intensities are relative to the maximum intensity which will 
occur for the focused point (ie. h = O and 6~R = 0°). 
The Attenuation Index is the sum of the attenuation losses 
of the Tx. and Rx. beams as they penetrate into the slurry 
to the location defined by h,6fPR· 
Both the Focused Directivity Index and the Focused Axial 
Index are functions of h and 6~R· The Attenuation Index is 
a function of h only and is independant of 6~R· 
is expressed as follows: 
(6.15) 
The peak value of TLp(h,6~R) for the bed-load layer (ie. 
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/ within O ::; h < H and -~ ::; 6~R ::; ~) will exist for h=O 
(since the axial intensity is a maximum at a focused point 
on the bottom of the bed-load layer) and at a particle angle 
defined by 6~R'(O) which lies within the beamwidth. If it 
is arranged so that the d = z~x then the peak value of the 
intensity index will be at the focused point directly above 
the Rx. crystal ie. at 6fPR = 0°. This Total Peak Intensity 
Index is defined by TLp(O) for the bed-load layer as 
follows: 
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TLp ( 0 ) = Max { TLy ( h ,_6 ~) 
= TLy ( 0, 6~ I ( 0) ) 
for O $ h < H 
and -IP $ 61PR $ IP 
(6.16) 
where 61PR'(0)=0° if d=zMAX 
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The peak value of TLy(h,6~) for detection of the suspended-
load particles (ie. for h 2 H and -1P $ 61PR $ IP) will occur 
at h = H and at a particle angle defined by 6~' (HJ which 
lies within the beamwidth. The peak total intensity index 
for detection of suspended-load particles is expressed by 
TLp(H) as follows: 
TLp(H) = Max (TLy(H, 61PR) for h 2 H (6.17) 
and -1P $ 61PR $ IP 
= TLy(H, 61PR' (H)) 
The relationship between TLp(O) and I(O) and TLp(H) and I(H) 
is given as follows: 
TLp(O) = 10 Log [I(O)] 
TLp(H) = 10 Log [I(H)] 
(6.18) 
(6.19) 
A discussion and derivation of each intensity index term 
follows so that I(O), I(H), A(O) and A(H) can be derived 
from which a value for kp(H) can be derived. Generally, it 
is desirable for the ratio of the Peak Total Intensity/Index 
at h = H compared with the Peak Total Intensity Index at 
h = o to be as small as possible at a particular height 
since this will generally lead to a lower value of kp(H). 
This will become clear later in the discussion of the 
probability function of detecting bed-load particle 
velocities in Section 6.7.7 
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6.4.6 Effective Slurry Particle Location 
Refraction effects will occur as the ultrasonic beam 
penetrates into the slurry layers. This is because the 
propagation velocity within the slurry layers [csL] differs 
from the propagation velocity which is defined by the 
transducer window material [c~]· 
the actual insonif ied volume 
deeper than if no 
to 
The refraction will cause 
extend 
refraction 
into layers of 
occured (see particles 
Fig. 6.8.). 
Fig. 6.8 
The effective insonified volume is labelled on 
which represents the insonif ied volume for the 
case of no refraction. 
h = H 
h = 0 
h 
SUSPENDED-LOAD 
BED-LOAD 
RE\FRACTION 
Tx 
I 
I 
I 
I 
' ' 
' 
' 
' 
' 
' 
' 
' ',_ 
----
ACTUAL INSONIFIED VOLUME 
EFFECTIVE INSONIFIED VOLUME 
TRANSDUCER WINDOW 
---
Rx 
Fig. 6.8 Actual refracted insonified volume and effective 
insonif ied volume without refraction 
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A specific particle location within the slurry layer defined 
by the coordinated h,6~R will have a Focused Total Intensity 
Index associated with it [TLp(h,6~R)]. ·It is difficult to 
calculate this TLp term since the beams refract and also 
because the slurry .medium has a different ultrasonic 
propagation velocity to that of the transducer window. 
To account for the refraction effects and to simplify the 
calculations of the intensity loss terms making up the TLp 
term, an effective slurry particle layer hei~ht [hE] is 
defined. At this height defined below, it can be shown that 
the intensity terms can be calculated with three simplifying 
. assumptions applying without any errors being introduced 
(these simplifications relate to each other). They are: 
( i) The beams from the Tx. and Rx. travel in straight 
lines. 
(ii) The ultrasonic velocity within the slurry equals that 
of the transducer window (ie. the transmission 
medium). 
(iii) The axial intensity and the directivity intensity are 
defined in terms of the transducer window velocity 
( beamwidth) . 
The effective slurry height is determined for a particular 
slurry height so that the axial and directivity intensity 
terms can be evaluated by treating the slurry layer as an 
extension of the transmission medium ( ie. the transducer 
window layer) • The slurry can then be assumed to have an 
ultrasonic velocity equal to that of the transducer window 
so that refraction effects can be ignored ( ie. the beams 
travel in a straight line). 
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The effective slurry hE;light can be calculated by applying 
Snell's Law of refraction. Let the ultrasonic velocity in 
the transducer window be defined by cTw and that of the 
slurry be defined by csL· According to Hamilton [Ref. 18], 
the ultrasonic propagation through saturated marine quartz 
sand can be related to the particle size as is presented in 
Table 6.1 below. The saturated concentration for which the 
measurements were made are also tabulated in Table 6.1. 
These saturated sands are typical of the type of particles 
making up the bed-load slurry in hydraulic transportation 
systems. They are presented here so that a v~lue for csL 
can be chosen depending on the mean bed-load particle size 
for a particular hydraulic system. 
Particle Type Mean Volumetric Particle Ultrasonic 
Particle Concent- Density Velocity 
size ration 
{µm} {%} {g/cm } {m/s} 
Course sand 530 61 2.71 1836 
Fine sand 160 54 2.70 1749 
Silt 24 43 2.66 1615 
Table 6.1 Saturated sand ultrasonic velocity for different 
types of solid particles 
In system design analyses in later sections, a typical value 
of c 5L of 1800m/s is used, corresponding approximately to 
the ultrasonic velocity in a course grain saturated as in 
Table 6.1 above. 
For a particular particle location defined by (h, c51pR), the 
effective particle height [hE] can now be defined by 
Eqn. 6.20 (see Appendix. B, Part 1 (Eqn. B6) for a 
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derivation in terms of Snell's Law and the geometry of the 
transducer): 
CSL h cos 6 IPR (6.20) 
For h = H, the effective suspended-load height is defined in 
terms of HE as in Eqn. 6 . 21 : . , 
(6.21) 
Eqns. 6.20 and 6.21 can be simplified to Eqns. 6.22 and 6.23 
with minimal error being introduced. 
(6.22) 
(6.23) 
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The errors introduced in these approximations are slight. 
For example, with csL/cTW = o. 7 5 (such as propagation in a 
Resin transducer window, where cTW = 2400m/s for a typical 
sand-water slurry with csL = 1800m/s) then the error will be 
<2% for -17° < 61PR < 17°. 
6.4;7 Directivity Intensity Pattern (Index) 
To derive values for TLp( o) and TLp(H) for the particular 
set of focusing parameters, first the Focused Directivity 
Index term is derived since this is a loss term that is part 
of the derivation of the Focused Total Intensity Index term 
used in the expression for the Penetration Constant. 
The Focused Directivity Index is defined by DIF(h, 61PR) for 
a particle at the location defined by the coordinates 
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(h,c5'PJl). It is evaluated by determining the sum of the 
Directivity Index of the Tx. and the Rx. for the effective 
particle height [hE] and at the particle angle c5'PJl· The sum 
of these two Directivity Indexes equals the focused 
Directivity Index for the particle location at h, c51pR as in 
Eqn. 6.24 that follows: 
(6.24) 
A discrete number [n] of particle angles [c51pR] in the range 
-'PR to IPR are evaluated on a Spreadsheet, where ~ is the Rx. 
crystal's beamwidth as defined by Eqn. 5.40: 
The Directivity Index of the Rx. [DIR(c51pR)] is now evaluated 
for each particle location within the Rx. 
particle height [h] using Eqn. 5.38. 
independent of particle height: 
beamwidth at the 
DIR( c51pR) is 
(6.25) 
The Directivity Index of the Tx. [DIT(hE 1 c51pR)] is evaluated 
for the same particle locations as calculated for the Rx. 
This Directivity Index term is a function of the particle 
angle [c514'R] and of the effective particle height [hE]· 
The particle angle of the Tx. [ c514'T] is calculated according 
to Eqn. 6. 26. It is a function of the effective particle 
height, the particle angle and other focusing parameters. 
The effective particle height [hE] is first calculated 
according to Eqn. 6. 20 for the particular particle height 
[h]. Once hE is determined then c51pT can be calculated. A 
derivation of the expression for c51pT can be found in 
Appendix B. 
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_ 1 [ _ ( d sin eT + hE ) J 
= eT - tan . ------=-----=-------
d cos 0T + (d + hE) tan ocpR (6.26) 
Now the Directivity Index of the Tx. can be calculated: 
(6.27) 
To define the overall focused Directivity Index [Dip{h, o'PR] 
at the defined particle location (h,o'PR), we add the 
Directivity Index of the Tx. and Rx.as in Eqn. 6.28.: 
102 
(6.28) \ 
The Dip(h, ocpR) function is evaluated vs. the particle angle 
[ ocpRJ on a "Quatro" Spreedsheet for various transducer 
system geometries. The data is evaluated for the system 
constants as follows: fT = lMHz and r = 5mm as in the final 
system design as follows. 
(i) Dip vs. ocpR for h=Omm f r eT = 10°, 30°, so· 
Fig. 6.9 is a graph of the Focused Directivity Index due to 
backscattering from the bottom bed-load particles ie. for 
h = o for ultrasonic transmission in a medium with a 17° 
beamwidth (such as within the resin window at lMHz with 
r = 5mm and cTw = 2400m/s) for three Tx. orientation angles 
[ 0T] 
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Focused Directivity Index [dBJ vs. f.,'f R 
( ) 
0 0 0 h=Omm, d=20mm for 9T=10, 30, 50 
_41----+---i 
I 
-8 ! ·---1·-··-·· -· 
-12 
-20'--~~~__._~--'~~...__~~~-----~-------' 
-20 -15 -10 -5 0 5 10 15 20 
Particle Angle b'f P. Cdegl 
Fig. 6.9 Focused Directivity Index for three Tx· angles 
At the point defined by h = o and 6~R = 0°, the value of Diy 
is a maximum of OdB since the Tx. and Rx. beams are focused 
directly at this point. 
From Fig. 6.9 it can be seen that for lower aT angles, the 
value of Diy is lower for a particular particle angle. 
(ii) Diy vs. 6~R for aT = 30° for h = o, 5 and lOmm 
Fig. 6.10 is a graph of the Focused Directivity Index due to 
backscattering from layers of particles at three different 
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particle layer heights: ~ = o, 5 and lOmm for the same set 
of focusing parameters as (i) above. 
Focused Directivity Index [dBl vs. 
6<.Q l\ (Q =30~ d=20mm) for h=O, 5, 10mm 
h = Omm 
'® 
h = 5mm 
® 
h = 10mm 
-20'--~~~__.,_---__,_~~--~---~---'-~-------J 
-20 -15 -10 -5 0 5 10 15 20 
Particle Angle &~ R CdegJ 
Fig. 6.10 Focused Directivity Index for three slurry layer 
heights 
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Dip is seen to decrease for larger values of h, which is to 
be expected since the beams are focused on the bed-load 
bottom. The assymetry in the graphs for h > o is clear. 
This is because the insonif ied volume is assymmetric (see 
for example Fig. 6.8) 
(iii) Dly vs. otpR for h = Omm and eT = 30° for tp=l7° (Resin) 
and tp = 43° (Steel) 
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Fig. 6.11 illustrates the effect of beamwidth on the Focused 
Directivity Index by plotting DIF for h = o for ultrasonic 
transmission in a medium with a 17° beamwidth and for 
transmission in a 43° beamwidth for the same set of focusing 
parameters as (i) above. 
Focused Directivity Index [dBl 
(9T=30C: h=Ornrn, d=20rrun) for 
vs. fxp~ 
' 
f/J=l 7: 43° 
,.... 
~ 
~ 
J; 
>-
:'= 
.~ 
...., 
.~ 
0 
~ § 
~ 
0 
¢ = 17° 
-4 ® 
¢ = 43° 
-8 
-12 
-16 ' 
' 
! 
-20,__~---~----~~~~~~~~~~~~-
-20 -15 -10 -5 0 5 10 15 20 
Particle Angle 6¢ri. Cdegl 
Fig. 6.11 Focused Directivity Index for two different 
beamwidths 
Clearly the graphs show that the focused Directivity Index 
is directly related to the beamwidth. The DIF is wider for 
wider beamwidths as expected, so that focusing will not be 
as directional. 
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Data from these graphs is used in deriving a value for the 
Pentration constant [kp] in Section 6.4.11. 
In addition to this Intensity Index term is the Axial 
Intensity Index, as follows. 
6.4.8 Axial Intensity Distribution (Index) t: ., 
The Axial Intensity 
Section 6.4.8.) is 
distribution of the crystals (see 
derived for the set of focusing 
t 
parameters since this is an intensity term that is part of 
the derivation of the Total Intensity Index term used in the 
expression for the Penetration Constant. 
The value of the axial intensity at a particular particle 
location defined by (h, 6fPR) is dependant only on the axial 
distance of the normal of each crystal face to the point of 
measurement of the particle within the slurry. 
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For each particle location, values for the effective height 
[hE] is evaluated according to Eqn. 6.20. 
The axial distance of the normal from the face of the Rx. 
crystal to the effective particle location is 
calculated according to the geometry of the focusing system 
and equals the sum of the effective particle height [hE] and 
the transmission path length [d] (see Fig. 6.7). 
(6.29) 
zR can be expressed simply in terms of h by applying the 
simplification of Eqn. 6. 22 and is valid for all particle 
angles, 6fPR, within the beamwidth -~ to ~ with minimal error 
as follows: 
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(6.30) 
The Axial Intensity index at (h,6cpR) for the Rx. [AIR(zR)] 
can be calculated with Eqn. 5.35 and 5.36 for z set to zR. 
(6.31) 
To calculate the Axial Intensity index of the Tx. J,AIT( zT) 
at (h,6cpR), first the axial distance of the normal from the 
face of the Tx. crystal to the effective particle location 
I [zT] is calculated according to Eqn. 6.32. A derivation of 
this equation which depends on the geometry of the focusing 
system and on Snell's Law is relegated to Appendix B, Part 3 
(Eqn. B.10). It is a function of hand 6cpT as follows: 
(6.32) 
The expression for the axial Axial Intensity of the Tx. for 
this axial path length is as follows: 
(6.33) 
The focused Axial Intensity Index [Aip(h,6cpR) ·at the 
particle location (h,614>R) is calculated by sum~ing the Axial 
Intensities of the Tx. and Rx. as follows: 
(6.34) 
At the point defined by zR = zT = zMAx (see Eqn. 5.37), the 
value of Aip(h, 6cpR) is a maximum of OdB according to the 
definition of Eqn. 5.37. 
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6.4.9 Focusing Effect on the Doppler Spectrum 
Ignoring the transit time 
later in Section 6.5.2), 
broadening ·effects 
the Doppler PSD 
(discussed 
due to 
backscattering from the bed-load particles will resemble the 
TLp(0,61pR) vs. 6~ graph. The frequency-axis must however be 
altered. The Doppler frequencies can be derived from the 
orientation angles of the Tx. and Rx. beams on the bottom of 
the bed-load layer (h = Omm) using the Doppler equation. 
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The mean Doppler frequency as defined by the Doppler 
equation corresponds to the detection of bed-load particles 
travelling at the location defined by h = Omm and 6~ = 0°. 
The actual mean Doppler frequency, derived from the peak of 
the TLp( O, 61pR) vs. 61pR graph wi.11 be due to the detection of 
particles defined by h = o and 61pR = 61pR' ( o) (as defined by 
Section 6.4.5). Only when d = zMAx will 6~'(0) equal 0° 
(then the Axial Index and the Beamwidth Index will both be a 
maximum at h = O and 61pR = O 0 so that 61pR' = O 0 ) • However, 
for the values of d investigated in the following examples, 
it may be assuemed, with slight error, that 6~' = 0°, so 
that the mean Doppler frequency as defined by the Doppler 
equation holds. 
The 3dB width of the Doppler PSD due to the finite 
ultrasonic beamwidth can be derived by calculating the 
Doppler frequencies (using the Doppler equation) "that 
correspond to the detection of particles travelling at the 
location defined by the particle angles 6~ = 6~- ( O) and 
61pR+(o). This is because at these angles, the value of 
TLp( 0 I 61pR) is -3dB down from the peak of the TLp( 0 I 61pR) vs. 
61pR graph. This 3dB width is defined as the Doppler 
beamwidth broadening and is derived later in Section 6.5.3. 
The other Doppler spectral broadening effects are also 
dicussed in Section 6.5. 
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6.4.10 Effective Surface Area of Insonified Particles 
From Eqn. 6.13 to determine the Penetration constant we must 
first derive values for the effective target surface areas, 
A(O) and A(H). The bed-load and suspended-load surfaces can 
be approximated to be insonif ied by two cone-shapeQ beam-
patterns with a surface area depending on the dimension of 
the cone in the x-direction as in Fig. 6.12 
OdB 
109 
=-3d8 
Tx 
CONE SHAPED BEAM PATTERN 
Rx 
Fig. 6.12 Cone-shaped beam pattern geometry for calculating 
effective surface-area of bed-load and suspended-load 
----·-·-- -------
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(6.40) 
The relative backscattering power ratio, or the Penetration 
constant [kp] can now be determined from Eqn. 6.13. 
kp(H) = I(H) •A(H)/I(O) •A(O) 
where I(H) = lOA(TLp(H)/10) 
I(O) = lOA(TLp(0)/10) 
(6.13) 
( ., 
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6.4.11 Focusing Analysis: Procedure for Calculating kp from 
Focusing Parameters 
This section describes the procedure for evaluating kp(H) 
from the set of focusing parameters by way of example. 
The focusing parameters for this example are: eT = 30°, 
d = 20mm and i.p = 1 7 ° • The ultrasonic velocity within the 
slurry layer [csL] is set equal to 1800m/s. The attenuation 
loss term with a = 0.26dB/mm is used. This value is chosen 
from Table 5. 2 for an operating frequency of !MHz and for a 
slurry having a mean particle size of 180µm. kp is 
evaluated for H = 10. 
First, the TLF(H,61.pR) term as a function of the particle 
angle 61.pR is evaluated and graphed in Fig. 6 .13. Two 
TLF(H,61.pR) graphs are plotted on the same set of axis. The 
first graph is for H = Omm, the second for H = lOmm. 
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-3~8 '., 
-10 
-15 
£ 
_§ -20 
~ 
-25 £ 0 
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-30 TL, (10)=-28·3 
1 -35 
~ 
-40 
-15 
-10 ~~(oy5 o ~;('fJ)5l,~{(o) 10 he(l;(io) 15 
Particle Angle ( ~11.) CdegJ 
Fig. 6.13 Focused Total Intensity vs. Particle angle for the 
bed-load (H = O) and for the suspended-load (H = 10) 
The graphs of this figure clearly resemble the Directivity 
Index graph with h as a parameter in Fig. 6.10 except that 
in this case the losses are greater due to the Axial 
Intensity Index and the Attenuation Loss terms being added. 
As the value of H increases so the value of TLp(H) decreases 
as expected. 
The procedure for determining kp(H) is as follows: 
(1) Determine TLp(O) and TLp(H) (see Fig. 6.13.) 
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From the peak of thes~ graphs, the Peak Focused Total 
Intensity Index for H = o and for H = 10 can be obtained: 
TLp(0)=-5.6dB 
TLp(l0)=-28.3dB. 
(2) The effective surface area A(O) is evaluated from the 
graph of Fig. 6.13. 
The particle angles 6~R-(O) and 6~+(0) are determined. 
These angles are determined from Fig. 6.13 according to the 
procedure discussed above in Section 6.4.10. In this 
example, 6~R-(O) = -6.8° and 6~R+(o) = 5.7° (see Fig. 6.14). 
Fig. 6. 14 Cone shaped beam pattern for determining the 
surface area, A(O) 
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The circular surface ~rea of the cone is evaluated 
Using Eqn. 6.37, A(O) can be calculated as follows: 
with zR = d = 20mm: 
A(O) = ~ [20 (tan (5.7°) - tan (-6.8°)] 2 
= 60.3mm 2 
: .,, 
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(3) The effective surface area, A(H), is evaluated from the 
graph of Fig. 6.13 with H = lOmm 
The particle angles 61t'R-(10) and 61t'R+(10) for H = 10 are 
determined. 
From Fig. 6.13, 61t'R-(10) = 2.8° and 61l'R+(10) = 11.5°. 
The circular surf ace area of the cone is evaluated 
The area A(H) is calculated form Eqn. 6.40: 
where zR = d + HE. Applying the simplification of 
Eqn. 6.23, ZR= d + H•Csr/CTw· For H = lOmm, HE~ 7.50 
A(lO) = ~ [27.5 tan (11.5°) - tan (2.8°))] 2 
= 56.7mm 2 
(4) Calculate kp from A(O), A(H), TLp(O) and TLp(H) 
For the above parameters, kp(H) with H = 10 can be 
calculated with Eqn. 6.13 as follows: 
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kp( 10) = P(lO)/P(O)_ 
= I(lO)•A(lO)/I(O)•A(O) 
where !(10) = 1 o" ( TLp ( 1 o ) I 1 o ) 
and 
= 10"(-28.3/10) 
= 0.0015 
I(O) = 1 o " ( TLp ( o ) / 1 o ) 
= 10"(-5.6/10) 
= 0.275 
A(lO) = 56.7mm 2 
A(O) = 60.3mm 2 
kp ( 10 ) ~ 0 . 0 0 51 
Expressed in dB, kp(lO){dB} = 10 Log [kp(lO)] ~ -23dB 
115 
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6.4.12 Focusing Results and Conclusions: Relationship 
Between kp and Focusing Parameters 
Values for kp{dB} are evaluated on a Spreadsheet according 
to the procedure explained above and represented graphically 
below in Figs. 6.15, 6.16 and 6.17. These graphs are 
presented to illustrate the way in which kp depends on the 
focusing parameters. From these graphs, the focusing 
parameters can be optimized by chasing those parameters 
which cause kp to be a minimum. The graphs of Figs. 6 .15 
and 6 .17 illustrates the relationship between kp and the 
suspended-load height [H]. These two graphs are used in 
conjuction with the graphs of Section 6.7.8 to predict the 
probability of detecting particle velocities of those 
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particles that travel above the bed-load as suspended-load 
particles and are discussed further in Section 6.7.10 where 
they are applied. 
(i) Penetration constant as a function of the suspended-
load hight [HJ for three Tx. angles of 10°, 30° and 
50°. The transmission path length is set to 20mm and 
the beamwidth is 17° (see Fig. 6.15) '· 
Penetration constant kp(H) [dBJ vs. 
[mm] (d=20mm, <e=l 7°) for 8r=10:3o:5d' 
i I 
-20 ·-··-·-t-··-·-·+·-i ! 
i ! ! j 
-251-----+,-
i 
i 
-30L-~~-L-~~---l.~~~~~~---'-~~--' 
0 2 4 6 8 10 
Defined Upper-Layer Height (H) CmmJ 
• 
91 = 10° 
)lo( 
e,.. = 50° 
Fig. 6.15 Penetration constant vs. H for three Tx. angles 
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As expected, from Fig. _6 .15, kp decreases as H increases. 
This is to be expected for a focused system, since the 
maximum backscattered power is arranged to be from the bed-
load layer bottom. kp is seen to be smaller for smaller Tx. 
angles. For example, the value of kp( 6) for this set of 
focusing parameters is as follows: eT = 50°, kp(6) = -7.5dB; 
eT = 30°, kp(6) = -12.5dB; eT = 10°, kp = -30dB. Ideally, to 
minimize kp, the smallest Tx. angle should be chosen~. 
(ii) Penetration constant as a function of the 
I 
transmission path length for two different beamwidths 
of 17° and 43° (see Fig. 6.16). 
Penetration constant kP(lO) [dB1 vs. 
d [mm] (Br=30°) for Cf=l 7,0 43° 
-101--r====f==========i 
-151----
-2~0 30 40 50 
Transmission Path Length (d) £mmJ 
c-e = 17° 
• 
·= 43° 
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Fig. 6.16 Penetration constant vs. transmission path length 
for two beamwidths 
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From Fig. 6.16, for bot~ cases of beamwidth, the value of kp 
is seen to decrease with smaller values of d. It is 
therefore desirable to design the transducer window with the 
minimum possible transmission path dimensions. The lower 
restriction on the transmission path length and the 
transducer window path length is discussed in 
Sections 6.3.7, 6.3.8 and 6.3.9. 
'., 
From this graph it is also clear that a larger beamwidth 
contributes to a larger value for kp. It is therefore 
preferable to employ a transducer material so that the 
' beamwidth is minimized. 
(iii) Penetration constant as a function of the suspended-
load height [H] for two different beamwidths of 17° 
and 43° (see Fig. 6.17) 
Penetration constant k (H) [dBl vs. 
H [mml (d=20mm, 9;=30°) for 4'=17; 43° 
0 
-5 
-10 
-25 
0 2 4 6 8 
Defined Upper-Layer Height (H) frnml 
" 
'f = 17° 
• 
(f = 43° 
10 
Fig. 6.17 Penetration constant vs. H for two beamwidths 
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kp is seen to be smaller for the narrower beamwidth. A 
norrow beamwidth is therefore preferable to minimize kp. 
For both beamwidth cases, kp is seen to be inversely related 
to the height, H as expected. 
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Information presented in the graphs of Figs. 6.15, 6.16 and 
6.16 is referred to in section 6.6 in optimizing the 
transducer parameters. Fig. 6. 5 is ref erred , ~o in 
Section 6. 7. 8 to investigate the probability of detecting 
bed-load particle velocities. 
6.5 DQPPLER SPECTRAL BROADENING 
6.5.1 Introduction 
As discussed in Section 5.5.3, various causes contribute to 
the broadening of the Doppler spectrum. It should be bourne 
in mind that only the broadening of the bed-load Doppler 
signal is considered since it is assumed that appropriate 
design methods (as discussed in Section 6.7) are implemeted 
to prevent suspended-load Doppler signals from being 
processed. Therefore h = O can be assumed in the sections 
on broadening that follow. The mean Doppler frequency [fo] 
therefore pertains the the detection of bed-load particle 
velocities. 
In Section 5.5 it was determined that the two main causes of 
the broadening are finite transit time effects and finite 
beamwidth effects. These two broadening effects as they 
pertain to the present design are discussed and derived 
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below for a particular set of focusing parameters. 
Section 6. 5. 5 follows by discussing the way in which the 
Doppler broadening effects the processing of the mean 
Doppler signal, with specific reference to the accuracy in 
determining the mean Doppler frequency [fol· 
6.5.2 Transit Time Broadening '., 
6.5.2.1 Transit Time Broadening Derived 
120 
Refering to the theory presented in Section. 5.5.5, the 
Doppler spectrum due to transit time broadening is Gaussian 
if the insonif ied volume is defined by two focused 
intersecting beams, which is the case in the present design. 
The 3dB transit time broadening bandwidth [fTTl is expressed 
by Eqn. 5.27 as follows: 
(5.27) 
where rTT is the transit time of the particle scatterers in 
the insonified volume. 
From Eqn. 5.28, fn can be 
insonif ied volume dimension 
velocity of ' the moving 
Fig. 6.18): 
fTT = 2v / (./2' ox) 
expressed in terms of the 
(ox] in the direction of the 
particles (x-direction) (see 
(5.28) 
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l 
d 
Rx 
/ 
INSONIFIED VOLUME DIMENSION 
IN THE DIRECTION OF THE 
PARTICLE VELOCITY (v) 
x = 2d tan 6~R 
Fig. 6.18 Insonified volume dimension (x-direction) 
From the geometry of the insonified volume (see Fig. 6.18), 
ox can be expressed as follows: 
j 
ox = 2·d·tan ~ (6.41) 
where d is the transmission path length and ~ is the Rx. 
crystal's beamwidth. 
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To calculate the ratio of the transit time spectral 
broadening width as a ratio of the mean Doppler frequency 
[/3n], substitute Eqn. 6.41 into Eqn. 5.28 and divide 
Eqn. 5.28 by the mean Doppler frequency as expressed by the 
Doppler equation (Eqn. 5.9): 
(6.42) 
'' 
Making the substitution: }.. = c/fT = r ·sin cp /O. 61, from 
Eqn. 5. 40 and putting r = 5mm (as in the final . design) , we 
I 
can derive the following expression for the ratio: 
13TT = 5 . 8 •cos cp /d • cosaT (where d is in mm) (6.43) 
6.5.2.2 Analysis with Focusing Parameters 
To investigate the manner in which the transit time 
broadening is dependent on the focusing parameters, 13TT is 
evaluated for various focusing parameters on a Spreadsheet 
and presented in graphical form in the following two 
examples. 
( i) 13TT is evaluated in Fig. 6 .19 for transmission 
resin ( cp = 1 7 ° ) as a function of the Tx. angle 
for three different transmission path lengths 
equal to 20, 30 and 40mm. 
in 
[ aT] 
[d] 
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Transit Time Broadening ratio ( /3rr) [%] 
vs. Tx .Angle (eT) for d=20, 30, 40m.rn 
g 
.Q 
~ 
.2' j 
.~ 
I-
:t:! 
~ 
I-
50 1111 
d = 20mm 
40 
" d = 30'nm 
30 
d = 4CXnm 
20 
10 
qo 20 30 40 50 
Tx Ange (9-r) CdegJ 
Fig. 6.19 Finite transit time broadening ratio as a 
function of Tx. angle for three transmission path lengths 
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It is evident that {3TT is reduced as the Tx. angle is 
/reduced. For example, with d = 20mm, {3TT = 43% for eT = 50° 
and {3TT = 28% for eT = 10 ° . Also clear is that {3TT is 
inversely proportional to d. For example, with eT = 30° and 
d = 20mm, {3TT = 32% but with d = 40mm, {3TT = 16% 
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(ii) Fig. 6. 20 is a graph of /3TT as a function of the 
transmssion path length [ d] for two different 
beamwidths: ~ = 17° (eg. resin transducer window) and 
~ = 43 ° ( eg. steel transducer window material) for 
0T = 30 °. 
Beamwidth Broadening Ratio (f3Bw) [%] vs. 
Tx Angle (9T) ldeg1 for u; = 17,~ 43° 
100 
60 
I I / I 
~ 
~I~ 
...-
• 
~ = 17° 
80 
c.p = 430 
-
-----
__. 
.--40 
-~ 
20 
I 9o 20 30 40 50 
Tx Ange (Sr) CdegJ 
Fig. 6.20 Transit time broadening ratio as a function of 
transmission path length for two different beamwidths 
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From the graph of Fig. 6.20, the transit time broadening is 
seen to be reduced for the larger beamwidth case. For 
example, for d = 20mm and ~ = 17 ° /3TT = 32% and for 
~ = 43 °, f3TT = 25%. Also, f3TT is seen to be inversely 
proportional to d as in the previous example of Fig. 6.19. 
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In Section 6.6, following this section, the focusing 
parameters are optimised. Referrence is made to the two 
previous examples. 
6.5.3 Beamwidth Broadening 
6.5.3.1 Beamwidth Broadening Derived Using Directivity Index 
Note: In this Section, for shorthand of notation, the 
particle angles defined in Section 6. 4. 5: 61pR' ( o), 61pR-( o) 
I 
and 6~+(0) are written as 6~', 6~- and 61PR+ respectively. 
Refering to ·the theory presented in Section 5.5.6, the 
finite beamwidth of the crystals cause a spread of Doppler 
frequencies. This is because aT and aR as defined by the 
Doppler equation are spread by an amount related to the 
beamwidth of the crystals. Reflections and hence Doppler 
shift signals are received from particles lying within the 
intersection of the Tx. and Rx. finite beamwidths (1p) and 
not only from particles lying specifically at the focused 
point of intersection of the beams defined by aT and aR. i~. 
the insonified volume is finite. This spreading effect is 
dependent on the geometry of the intersection of the beams. 
The Power Spectral Density. ( PSD) of the Doppler spectrum due 
to beamwidth broadening can be determined from the Focused 
Total Intensity Index expression [TLy(h,61PR)] for a focused 
beam. Since it is the broadening of the bed-load Doppler 
signal that is to be determined, h is set to zero. The 
expression is used to evaluate values for the intensity 
index at the points defined by (0,61pR) as in Section 6.4.5 
for 6~ lying within the angle defined by the beamwidth of 
the Rx. beam ie. -1p < 61pR < 1p. 
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As mentioned in Section_6.4.9, the 3dB Doppler PSD width due 
to the beamwidth broadening effect can be derived by 
evaluating the Doppler frequency at the particle angles 
defined by 6<pR- and 61pR+. Recall from Section 6.4.10, the 
Focused Total Intensity Index expression (and therefore the 
Doppler PSD) is -3dB down from the Peak Total Intensity 
Index at these angles. The difference in the Doppler 
frequency from these angles equals the 3dB beamwidth 
broadening width. 
Generally, the Doppler frequency from the point (0,61pR) is 
I 
given in terms of the beam angles at this point, as in 
Fig. 6.7 and is expressed as follows: 
(6.44) 
The Doppler frequency at the -3dB power points are defined 
by fn(6<pR-) and fn(61pR+) and can be derived using the Doppler 
equation for these particle angles, as follows: 
f T • v • (cos ( eR+61pR - ) +cos ( eT+61pT - ) 
c 
fT • v • (cos ( eR+6<l'R +)+cos ( eT+61pT +) 
c 
(6.45) 
(6.46) 
As mentioned above, the beamwidth broadening can be 
determined by calculating the difference between fn( 6<l'R +) 
and fn(61pR+) as follows: 
and dividing by the mean Doppler frequency [ fn], f3Bw is 
expressed as follows: 
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f D ( 6 ~R - ) - f D ( 61pR + ) 
f p 
(6.47) 
By susbstituting Eqns. 6.45 and 6.46 into Eqn. 6.47 an 
expression for ~BW can be derived as follows: 
~BW = [cos ( eR+6'PR - ) +cos ( er+61pT - ) ] - [cos ( eR+6'PR +)+cos ( er+6'Pr +) J 
cos ( eR) + cos (er) ;, (6.48) 
6.5.3.2 Analysis with Focusing Parameters 
An analysis of this beamwidth 
mean Doppler frequency is 
spreadsheet as in Section 6. 4 
values for Eqn. 6.48 with 
variables. 
broadening as a ratio of the 
analysed using the same 
(See Apendix D) by deriving 
the focusing parameters as 
To derive the beamwidth broadening ratio [~swJ as a function 
of the two focusing parameters [ eT, 1p] that affect this 
ratio, the following four steps are taken. An example for 
0T = 30° and Ip = 17° (recall that 0R = 90°) follows (note 
that the value of d has no effect on this broadening 
effect). 
(1) Focused Total Intensity Index expression [TLp(h,61pR)J 
with h = O is derived for -1p < cS'PR < 1p. This expression 
is plotted in Fig. 6.13 for a Tx. angles [0rJ = 30°. 
( 2) The -3dB Rx. particle angles [ cS'PR - and cS'PR +] are 
obtained from the graph. From the graph of Fig. 6.13, 
6'PR - = -6. 8 ° and cS'PR + = 5. 7 ° . 
(3) The -3dB Tx. particle angles [cS'Pr- and 6'Pr+] are derived 
using Eqn. 6.26 (with hE=O). For this example, 
61pT- = -3.8° and 61pT+ = 2.7 
Un
ive
rsi
ty 
of 
Ca
pe
 T
ow
n 
( 4) The beamwidth broadening ratio, /3sw, can now be 
evaluated by using Eqn. 6.48 above. For example, with 
0 d 0 f3 % eT = 30 an 1p = 1 7 , BW = 30 • 
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{3~ is plotted as a function of the Tx. angle in Fig. 6.21 
for two values of the beamwidth (1p] by following the above 
four steps. The calculations are carried out on a 
Spreadsheet as in Appendix D. The first graph is for 
1p = 17° and the second graph is for ~ = 43°. 
Transit Time Broadening ratio (Pr-r) [%] 
vs. d [mm] (9r=30°) for ~ = 17,0 43 ° 
{f = 17° 
@ 
CR= 4Y' 
20 30 40 50 
Transmission Patti Lengtti (d) £rrmJ 
Fig. 6.21 Beamwidth broadening as a function of Tx. angle 
for two different beamwidths 
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It can be seen that as_ eT increases, the broadening ratio 
increases. Also, as ~ increases, so the broadening ratio 
increases. For example for eT = 30°, with ~ = 17° the 
Doppler power spectral width is 30% of the mean Doppler 
frequency and if ~ = 43° then the Doppler spectral width is 
is 64% of the mean Doppler frequency. 
'., 
6.5.4 Total Bandwidth due to Broadening 
The 3dB Doppler bandwidth due to the two causes of 
broadening discussed above is defined by Eqn. 5~30 of 
Section 5.5.9: 
(5.30) 
From Eqn. 5. 29, the total 3dB bandwidth [ 6fo] due to the 
broadening effects and due to the detection of a fluc.tuating 
particle velocity is given as follows: 
(5.29) 
The ratio of this total 3dB bandwidth to the mean Doppler 
frequency is expressed by the constant ~ as in Eqn. 5.31 as 
follows: 
(5.31) 
Using the result from Section 5.6.5 that the standard 
deviation of a single measurement of instantaneous frequency 
equals half the 3dB bandwidth, the standard deviation of the 
instantaneous Doppler frequency can be expressed as follows: 
a 0 = of /2 (6.49) 
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This result is used in ~he following section to analyse the 
accuracy in determining fo in a finite measurement time. 
6.5.5 Doppler Broadening Effect on the Doppler Processing 
The Doppler PSD is represented as a broadened spectrum with 
its mean value defined by the Doppler equation [fo]j~ith a 
3dB power bandwidth defined by of0 , where of0 is the total 
3dB width of the Doppler PSD due to both broadening effects 
as well as from the detection of a particle velocity which 
I 
fluctautes about a mean value [v] (see Section. 5.5.9) 
The Doppler signal is processed (ie. its mean frequency is 
converted to a voltage) by means of a zcc which is realized 
with a F-V converter circuit (discussed in Section 6.8.10). 
The influence of the broadening of the Doppler spectrum on 
the output voltage of the F-V converter [Vpv] is analysed 
below with reference to Section 5.5 on the Doppler Spectral 
broadening. 
6.5.5.1 Deviation of Measurement from Mean Doppler Freguency 
The Doppler signal is the input to the zcc and the expected 
instantaneous frequency provided by the ZCC [expressed by 
fz] is defined by Eqn. 5.33 in terms of the mean Doppler 
frequency. This expression equals the RMS value of the 
Doppler frequency as follows: 
fz = (fo2 >1;2 = fD(RHS) (5.33) 
We can evaluate Expression 5.33 for two cases to see the way 
fz and . fo are related. The first case is for the flat 
broadened Doppler PSD as given in Fig. 6.22 with fl and f2 
Un
ive
rsi
ty 
of 
Ca
pe
 T
ow
n 
131 
and the mean Doppler f..requency, fo as illustrated. The 
Doppler spectral width [ 6fo] is the difference between f2 
and fl: 
6f0 = f 2 - fl (6.50) 
PSD 
So(fo) 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
! 
f1 f o f2 f 
Fig. 6.22 Flat Doppler spectrum for case (il 
The second case (case (ii)] is for a Gaussian shaped Doppler 
PSD (see Fig. 6.23) with the constant ~ defined as above by 
Eqn. 5-. 31. The Gaussian shaped Doppler PSD is a good 
approximation of the actual Doppler PSD of the system. 
PSD 
So ( fo) 
f 
Fig. 6.23 Gaussian Poppler s.pectral shape for case (ii) 
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Case ( i): 
The Doppler frequency is the mean of fl and f2: 
fn = (fl+f2)/2 
The RMS Doppler frequency from the zcc is 
expression from Brody et al. [Ref. 5]: 
fz = [ f23 - .f13 ]1;2 
3 ( f 2-f 1) 
(6.51) 
given by the 
(6.52) 
The ratio of fz to fn is given by Eqn. 6.53 from Ref. 5. 
fz/fn 
4 f23 - fl3 1/2 
= [ 3 ( f 2-fl) ( f 2+f 1) J (6.53) 
Now, for a broad spectrum, let fl = o. Then the ratio will 
be: 
fz/fn = [ 4 3 J 
1/2 ~ 
1.15 (6.54) 
Hence, for estimation of broad spectra, the ZCC produces a 
deviation of 15% from f 0, asuming a flat spectrum. 
Case (ii): 
For the case of a Gaussian shaped Doppler PSD, the result is 
adapted from Peronneau et al [Ref. 33]. A graph of fz/fn 
vs. p is in Fig. 6.24. 
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Fig. 6.24 Influence of the Doppler spectral width on 
determining the mean Doppler f regµency 
Clearly, it can be seen that as 
reduced ie. as {3 approaches zero, 
approaches unity. 
the Spectral width is 
so the ratio of fz/fD 
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This case closely approximates the actual Doppler PSD. For 
a particular system, the value· of {3 depends on all the 
broadening causes discussed above. Its value will be 
constant for a particular system. Its effect can therefore 
be eliminated if necessary by scaling the output voltage of 
the F-V converter by k~·fD/fz, where k~ is the F-V converter 
constant (see Section 6. 8 .10). This scaling operation is 
not actually performed in practice since the entire system 
is calibrated as discussed in Chapter 7, Section 7.2. 
6.5.5.2 Accuracy of Mean Doppler Freguency Measurement 
An expression for the accuracy of determining the mean 
Doppler frequency from the instantaneous Doppler frequency 
by means of a ZCC can be derived. 
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The expression for the qccuracy is derived with reference to 
the two results from Schultheis in Section 5.6.5. 
Techniques to reduce this 
According to Denbigh [Ref. 
error will also be discussed. 
10], the standard deviation of 
the instantaneous Doppler frequency [ao] equals the accuracy 
as a fraction of mean Doppler frequency [fo] in determining 
the mean Doppler frequency from the instantaneous frequency. 
For example, if a 0/f0 = 0.3 say, then the accuracy 1~efined 
by an error term, €] in determining fo is 30% of its mean 
value. The general expression for determining € is given by 
Eqn. 6.55. 
(6.55) 
To improve the accuracy ( ie. to reduce the error) , the 
following two results from Denbigh [Ref. 10] are applied. 
Result (i): the accuracy of an estimate improves in 
proportion to the square root of the number of independant 
samples that are averaged. Result (ii) : measurements of 
instantaneous frequency are statistically independant if 
seperated in time by the reciprocal of half the 3dB 
bandwidth. 
If the output of the instantaneous Doppler frequency 
measuring device ie. the ZCC is smoothed or averaged over a 
time 1 (the response time of the system) , the resultant 
error will be reduced by 1/jNfrom result (i) above1 where N 
is the number of statistically independant samples of f 0 in 
1 seconds. From result (ii) above, the time between 
independant samples equals 1/26f0 • The number of 
independant samples is therefore expressed by Eqn. 6.56. 
N = 21·6fo (6.56) 
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Error (Et) of ZCC vs. Response Time (r) 
with f o = 20Hz for B = 0.2, 0.4, 1, 2 
: ., 
B = 0.2 
B = 0.4 
• 
'B = 1.0 
8=2 
0'--~....__~_,_~~~---'-~~L...-~-'-~-'-~-' 
0.10 0.20 0.50 1.00 2.00 4.00 8.00 
Response Time (r) CsecJ 
Fig. 6.25 zcc Error function as a function of the response 
time for f 0 = 20Hz for four different values of 8 
The error function is seen to reduce for larger response 
times as expected. The error function is also seen t6 be 
reduced for narrower Doppler spectrums (ie. ~is smaller). 
In Fig. 6. 26 e1 is plottted as a function of the Doppler 
frequency with the response time set to 4s for four 
different values of ~-
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Error ( E.t) of ZCC vs. Doppler frequency 
with r = 4s for B = 0.2, 0.4, 1, 2 
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Fig.6.26 Error function as a function of the Doppler 
frequency with T = 4s for four different values of 8 
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The error fu ction is seen to reduce for larger Doppler 
frequencies as expected. The error function is also seen to 
be reduced for narrower Doppler spectrums (ie. p is smaller) 
as above. 
6.5.6 Conclusions 
The two causes of Doppler spectral broadening, namely finite 
transit time broadening and beamwidth broadening have been 
derived for various sets of focusing parameters.· The 3dB 
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Doppler spectral width_ due to transit time broadening is 
expressed as a ratio of the mean Doppler frequency by /3TT. 
It is seen that 13n is reduced if the Tx. angle is reduced 
or if the transmission path is increased or if the beamwidth 
is wider. 
The 3dB Doppler spectral width due to beamwidth broadening 
is expressed as a ratio of the mean Doppler frequency by 
/3Bw· It is seen that 13Bw is reduced if the Tx. angle is 
reduced or if the beamwidth is reduced. 
The overall spectral width in terms of the two broadening 
effects has been expressed by a 3dB broadedning constant as 
a ratio of the mean Doppler frequency [/3]. 
Processing the Doppler signal to determine the mean Doppler 
frequency using a zero-crossing counter [ZCC] has been 
discussed. It has been shown that a ZCC does not give a 
true mean value of a spectrum but rather gives an indication 
of the RMS value of the signal. The relationship between 
the mean Doppler frequency [ f 0] and the output of the zcc 
[fz] for a flat and a Gausssian Doppler PSD has been 
presented. 
The accuracy in determining the mean Doppler frequency has 
been expressed by a Doppler error term [€] and is dependent 
on the standard deviation of the Doppler PDF or on the 
spectral width of the Doppler PSD [/3]. By definition, the 
accuracy is increased if the Doppler error is reduced. This 
error term can be reduced if a larger response time in 
determining the mean Doppler frequency is employed or if a 
larger minimum mean Doppler frequency is to be determined. 
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6.6 TRANSDUCER DESIGN PARAMETER OPTIMIZATION 
6.6.1 Introduction 
The three focusing parameters, namely the Tx angle (0T), the 
beamwidth (cp) and the transmission path length (d) 
determine: (i) the Doppler Spectral broadening effects and 
(ii) the probability of detecting bed-load particle 
velocities compared with the probability of detecting 
suspended-load particle velocities. 
The two predominant Doppler spectral broadening components 
are the finite transit time broadening [PTT] and the 
beamwidth broadening [P~l effects. They are both expressed 
as a percentage of the mean Doppler frequency and influence 
the accuracy of determining the mean Doppler fr~quency in a 
finite time (the system response time). 
Extracting that part of the Doppler signal that is due to 
the detection of bed-load particle velocities will be 
expressed as a probability function which will be seen to be 
dependant on a Penetration constant [ kp] (see 
Section 6. 7. 7), which has been defined and evaluated in 
terms of the focusing parameters. 
It has been stated ,that the efficiency of the transducer 
system is increased if (i) the Doppler Spectral broadening 
effects are minimized and (ii) if the probability of 
detecting bed-load particle velocities is maximized (which 
is identical if restated as: the Penetration constant [ kp] 
is minimized). 
Un
ive
rsi
ty 
of 
Ca
pe
 T
ow
n 
6.6.2 Transducer System Parameters 
The descriptions in Table 6. 2 is a summary of the optimum 
choice for the transducer focusing parameters so that kp, ~TT 
and ~~ are all minimized, for example the beamwidth should 
be small to minimize kp, while the beamwidth should be large 
to minimize ~TT. 
'., 
Penetration Transit Time Beamwidth 
Focusing constant Broadening Broadening 
Parameter [kp] [~TT] [ ~Bw] 
' 
( i ) TX Angle [ 0T] 1. small 2. small 3. small 
(ii) Beamwidth [Ip] 4. small 5. large 6. small 
(iii) Transmission 7. small 8. large 9. No 
Path length [d] effect 
140 
Table 6.2 Optimum choice for focusing parameters to minimize 
kp~TT and Psw 
The effect of each focusing parameter on the three terms: 
kp, ~TT and ~BW is di cussed below. (The numbering below 
corrsponds to the numbering in the table). 
( i) TX Angle [ eT] 
(1) Tx. Angle effect on the Penetration constant 
Referring to Fig. 6 .17 of Section 6. 4 .12, the graph of kp 
vs. suspended-load height [HJ with 1p=l 7° and d=20mm for 
three Tx. angles of 10°, 30° and 50°. The optimum choice 
for eT is as small as possible, since the value of kp is a 
minimum at the lowest Tx. angle. For example from the graph 
for H equal to say 4mm, kp(4)=-5dB for 0T=50° and kp(4)=-13dB 
for eT=lO 0 • 
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(2) Tx. Angle effect on_the transit time broadening 
Referring to Fig. 6.19 of Section 6.5.2.2., the graph of ~TT 
vs. eT I it is evident that the transit time broadening 
effects are minimized as eT is minimized. 
(3) Tx. angle effect on the beamwidth broadening c ., 
Ref erring to Fig. 6. 21 of Section 6. 5. 2. 2, the graph of ~BW 
vs. eT, it is evident that the beamwidth broadeDing effects 
are minimized as eT is minimized. 
The final choice for eT should therefore be as small as 
possible to reduce kp, ~TT and ~BW· A lower limit on eT of 
30° is however imposed as discussed in Section 6.3.10. This 
lower limit is therefore the chosen value for eT. 
(ii) Beamwidth 
(4) Beamwidth effect on the Penetration constant 
Referring to Fig. 6 .16 of Section 6. 4 .12, the graph of kp 
vs. d for !p=l 7 ° and !p=43 °, the optimum choice for the 
beamwidth is the smaller of the two. Generally, as IP is 
reduced, so kp is reduced, therefore a smaller beamwidth is 
desirable. 
Referring to Fig. 6 .17, the graph of kp vs. H, it can be 
seen that a narrower beamwidth has a more marked effect on 
kp when the suspended-load is high (ie. His high). 
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(5) Beamwidth effect on_the transit time broadening 
Referring to Fig. 6.20 of Section 6.5.2.2, the graph of f3n 
vs. d for ~=17° and ~=43°, the optimum choice for ~ is the 
larger of the two. For example, referring to the figure, 
with d=20rnrn, /3TT=32% for the narrower beamwidth case (~=17°) 
while /3TT is reduced to 25% for the wider beamwidth (~=43°). 
:: .,, 
(6) Beamwidth effect on the beamwidth broadening 
• 
Referring to Fig. 6. 21 of Section 6. 5. 3. 2, the graph of /3Bw 
vs. eT for ~=17° and ~=43°, the beamwidth broadening effects 
can be minimized with a narrower beamwidth choice. This 
graph illustrates the marked effect that the beamwidth has 
on f3Bw· With eT=30° for the narrow beamwidth (~=17°) , f3Br32% 
and for the wider beamwidth (~=43 °), /3Br64%. 
In terms of minimizing the overall Doppler spectral width 
, due to both broadening effects,~ should be chosen as 17°. 
Ignoring the Doppler broadening due to the fluctuation of 
the detectable particle velocities, then the Doppler 
spectrum will be broadened by the combination of both 
broadening effects and can be expressed by f3 (see 
Eqn. 5.31). At the chosen focusing parameters of 0T=30° 
(see (i) above) and d=20mm (see (iii) below), the overall 
spectral width /is minimized when /3Bw and /3TT are equal which 
occurs when ~=17°. The optimum beamwidth is therefore 17°. 
This beamwidth is realized in practice with an operating 
frequency of lMHz, r=5mm and with an Epoxy Resin transducer 
window with cTr2400m/s. 
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(iii) Transmission Path iength 
The minimum transmission path length [ d] is discussed in 
Section 6.3.8 and 6.3.9. For a steel pipe-wall, 4mm thick, 
the minimum value of d is approximately 20mm for ~=17° and 
r=5mm. This is therefore the minimum transmission path 
length used in the analysis of Figs. 6.16 and Fig. 6.20. 
(7) Transmission path length effect on the Penetration 
constant 
Referring to Fig. 6.16, the graph of kp vs. d, it is clearly 
seen that a minimum value of d is desirable to reduce kp. 
(8) Transmission path length effect on the transit time 
broadening 
Referring to Fig. 6.20, the graph of /3TT vs. d, the value of 
/3TT is inversely proportional to d. To reduce transit time 
broadening effects requires a larger transmission path 
length. However, with d set to its minimum value of 20mm 
and with ~=17 ° then /3TT=32%. This error is acceptable as 
discussed above in (ii). 
(9) Transmission path length effect on the beamwidth 
broadening 
The beamwidth broadening is independant of the value of d, 
so the value of d is chosen as a compromise between effect 
(7) and (8) above only. 
The final choice for d is its minimum value of 20mm so that 
kp is reduced, and so that /3TT does not exceed /3Bw thereby 
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ensuring that the ove~all Doppler spectral width is a 
minimum. 
6.6.3 Conclusion 
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The influence of the three focusing parameters: Tx. angle 
[0T], beamwidth (cp] and transmission path length [d] "on the 
efficiency of the focusing system has been analysed. The 
efficiency is increased by reducing the Penetration constant 
[kp], and reducing the two spectral broadenipg causes: 
transit time broadening [~TT] and beamwidth broadening [~aw]· 
It was shown that the Tx. angle should be set to its minimum 
value of 30° to reduce kp, ~TT and ~Bw· 
The narrower beamwidth was shown to reduce kp and ~BW while 
it increased ~TT· As a compromise cp was set to 17° so that 
~BW = ~n thereby reducing the overall Doppler spectral width 
[~] while still ensuring that kp is minimized. 
Lastly, a shorter transmission path length [d] was seen to 
reduce kp while increasing ~TT. To reduce kp, d was chosen 
to be its minimum value of 20mm (for a 4mm steel pipe-wall). 
For this low value of d, ~TT equals 32% (for 0T=30° and with 
cp=l 7 ° ) • This was stated as an acceptable error since it 
equals ~BW thereby ensuring that ~ is still a minimum. 
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6.7 BED-LOAD PARTICLE VELOCITY MEASUREMENT 
6.7.1 Introduction 
Eqn. 6.2 for the Doppler signal [D(t)] is an inaccurate 
over-simplification. Firstly, it ignores the fact that 
Doppler signals may be detected from slurry particles 
travelling above the bed-load as suspended-load particles. 
Detection of suspended-load Doppler signals will cause 
erroneous indications of bed-load velocities. This will be 
most evident when the bed-load is stationary and the 
I 
suspended-load particles are in motion (ie. for the regime 
vM2 < vM < vM1 ). In this case, the bed-load layer acts as an 
extension of the transducer window with ultrasonic 
propagation existing within it. / The suspended-load 
particles in motion above this layer will cause 
backscattering of the beam, containing Doppler shifted 
signals. These Doppler shifted signals will cause erroneous 
indications of a moving bed-load. 
Secondly, the Doppler broadening effects have been neglected 
in the equation. Thirdly, the Doppler power is inversely 
proportional to height [h] and lastly, the Doppler power is 
not constant in time. 
To investigate these effects on the Doppler signal, we must 
examine the physical features of the ultrasonic and 
hydraulic system in more detail. Once the Doppler signal is 
expressed more accurately then steps can be taken to 
maximise the probability of detecting bed-load particle 
velocities more accurately. 
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6.7.2 Accurate Representation of the Doppler Signal 
The Doppler signal can be represented more accurately by 
taking the following four considerations that follow into 
account: 
(1) Particles travelling anywhere within the insonified 
volume are detected. 
'., 
Particles travelling within the insonified volume (ie. bed-
load or suspended-load particles) could cause ba9kscattering 
I 
of the transmitted signal, producing Doppler signals to be 
received and demodulated. Suspended-load particles which 
are in motion while the bed-load particles are stationary 
(as in the flow regime vKl < vK < vM2 ), will falsely indicate 
the presence of a moving bed unless design action is taken 
to prevent this. 
The Doppler signal can be represented as the sum of the bed-
load and the suspended-load signals as in Eqn. 6.60. 
D ( t ) = OBED ( t ) + Dsus ( t ) (6.60) 
At each height h, of infinitesimal thickness (oh), a layer 
of particles are present, and depending on the flow regime 
may or may not be moving at a velocity defined by v(h). 
Recall that the bed-load Doppler signals extend from a 
height [h] from the pipe soffit (h = O) to the beginning of 
'the bed-load/suspended-load interface (h = H) and the 
suspended-load particles travel above these particles ( ie 
h > H). The bed-load and the suspended-load velocities are 
therefore defined in terms of h. Refer to 
Figs. 5.3, 5.4, 5.5 in Section 5.2.2 for examples of vBED(h) 
and v505 (h) for different flow regimes. 
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The signal has a peak amplitude [DJ at its mean frequency 
[f]. The signal is broadened with a (say 3dB) width defined 
by of according to Eqn. 6.65. 
of = f3·f (6.65) 
P can be expressed as the product of the amplitude and the 
width as in Eqn. 6.66. ·· 
P = D•of (6.66) 
Solving Eqn. 6.66 for of and substituting of into Eqn. 6.65 
and setting A = P/{3 yields an expression for D as in 
Eqn. 6. 67. 
D = A/f (6.67) 
This general expression for D in terms of A and f can be 
applied to the bed-load and suspended-load Doppler 
amplitudes. ~ED(h) and Dsus(h) are therefore functions of 
ABED(h) and fD(BED) (h) and Asus(h) and fD(SUS) (h) respectively 
and are represented as follows: 
OBED( h) = ABED( h) I f D( BED) ( h) (6.68) 
. 
0 susC h) = Asus< h > I f D( SUS) ( h) (6.69) 
whe,re ABED( h) = PBED( h) I f3 (6.70) 
and Asus< h) = Psus< h) I f3 (6.71) 
The broadening constant, f3 is identical for both bed-load 
and suspended-load Doppler frequencies since the same causes 
of the broadening apply to both frequencies. 
The Doppler amplitude [~ED(h)) from the detection of bed-
load particles travelling at a particular bed-load height h, 
is zero when the bed-load is stationary (vM < vK2 ) and has a 
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at the minimum detectable Max { OBED ( h ) } ' 
[fo(min)], 
maximum value, 
Doppler frequency, 
detectable value of 
corresponding to the lowest 
Max <DaEo(h)} = ABEo(h) / f 0(min) (6.72) 
The minimum bed-load Doppler amplitude occurs when the 
maximum Doppler frequency is detected as follows: : ., 
(6.73) 
I 
Similarly, at a particular suspended-load height h, Dsus ( h) 
is zero for vM < vMl and is a maximum value, Max{Dsus(h)}, at 
the minimum detectable Doppler frequency [fo(min)], 
corresponding to the lowest detectable value of v505 at 
VM ~ VMl: 
Max {Dsus(h)} = Asus(h) / f 0(min) (6.74) 
(3) The power of the Doppler signals are inversely 
proportional to h. 
In Section 6.4.3 a Penetration constant [kp] was defined and 
evaluated to describe the relative backscattered power from 
particles travelling at a height h = O (the bed-load bottom) 
and for h = H (the bottom of the suspended-load layer). The 
value of this constant is a function of the focusing 
parameters. If the two focusing criteria of Section 6.4.1 
are satisfied then kp is a maximum at h = O and is inversely 
related to h for all sets of focusing parameters. 
This means that the maximum backscattering power from the 
bed-load is due to backscattering from the lowest layer of 
particles, ie. from the particles travelling at h = o (when 
vBED > O). Similarly, the maximum backscattering power from 
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the suspended-load is dye to backscattering from the lowest 
layer of particles, ie. from the particles travelling at 
h = H (when v 505 > O). The Penetration constant therefore 
describes the ratio of the maximum suspended-load 
backscattering power to the maximum bed-load Doppler power 
as expressed by Eqn. 6.8: 
kp(H) = Max {Psus(h)} / Max {PsEo(h)} 
= P(H)/P(O) 
r: ., ( 6. 8) 
From Eqns. 6.70 and 6.71 above, the Penetration constant can 
also be expressed as follows: 
kp(H) = Max {Asus(h)} / Max {AsED(h)} = Asus(H)/AsEo(O) 
(6.75) 
The maximum bed-load Doppler amplitude at height h is given 
by Eqn. 6.72., Within the entire bed-load layer, the 
maximum Doppler amplitude occurs when AsEo(h) is a maximum 
ie. at h = O and is expressed by Max { DsED ( O) } as in 
Eqn. 6. 76. 
Max {DsEo(O)} =Max {AsEo(h)}/f0(min) = AsEo(O)/f0(min) 
(6.76) 
Similarly, the maximum suspended-load Doppler amplitude 
within the entire suspended-load, occurs when Asus(h) is a 
maximum ie. at h = H and is expressed by Max { Dsus ( H) } as in 
Eqn. 6.77. 
Max {Dsus(H)} = Max {Asus(h) }/f0(min) = Asus(H)/f0(min) 
(6.77) 
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Eqn. 6.77 can be written in terms of ABED(O) and kp(H) from 
Eqn. 6.75 as follows: 
Max {Dsus(H)} = Asus(H)/fo(min) 
= kp(H) ·AsEo(O)/fo(min) 
The minimum bed-load 
travelling at h = o 
Doppler amplitude 
occurs when the 
(6.78) 
from particles 
maximum Doppler 
frequency is detected and is given by Eqn. 6.79 with h = o 
as follows: 
Min {DsED(O)} = ABEo(O)/fo(max) (6.79) 
(4) The power of the Doppler signals are not constant in 
time 
The power of the bed-load and suspended-load Doppler signals 
[PsED(h) and [ Psus ( h) J are not constant at al 1 times but 
fluctuate in time depending on the ultrasonic backscattering 
strengths which in turn mainly depends on the orientation of 
the 'faces' of the solid particles relative to the Tx. and 
Rx. beams at the time of detection. The variable 
backscattering strength phenomenon can be represented by a 
Gaussian PDF. 
This implies that PsEo(h1 and Psus(h) should rather be 
represented by mean values [PsEo(h) and Psus(h)] with standard 
deviations [aP(BED) (h) and aP(SUS) (h)]. 
The actual values of aP(BED) and aP(SUS) are dependent on the 
fluctuation of the backscattering strength of the bed-load 
and suspended-load particles. aP(BED) (h) and aP(SUS) (h) can be 
expressed as linear functions of PsEo(h) and Psus(h). This 
linear relationship was verified in practice by connecting 
the demodulated Doppler signal from the Velocimeter to a 
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spectrum analyser and oj:)serving the standard deviation of 
the power of the Doppler signal due to reflections from 
moving particles. 
Doppler signal 
By increasing the power of the returned 
(eg. by increasing the Tx. power), the 
standard deviation of the Doppler power increased 
proportionately. A 'standard deviation constant' [ ku] can 
be defined as the ratio of aP(SED) (h) to PsEo(h) as follows: 
(6.80) 
Since statistically, the backscattering nature of. the slurry 
particles in the bed-load is much the same as that of the 
suspended-load particles as discussed in Section 5. 75, the 
term ku is applied to the suspended-load po er too: 
ku = aP(SUS) (h) I Psus(h) (6.81) 
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Since the Doppler amplitudes, DsEo(h) and Dsus(h) are 
linearly related to PsEo(h) and Psus(h) (by 1/(fo(SED(h) ·ks) and 
1/ (foe sus) ( h) ·ks) respectively) , the standard deviation 
---
constant can be applied to Dsrn(h) and Dsus< h) and is 
applicable for all Doppler frequencies as follows: 
(6.82) 
ku = aD(SUS) (h) I Dsus(h) (6.83) 
The above information is presented in summary in tabular 
form in Table 6.3: 
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vM: 2'.:VMl 2'.:VM2 >VM2 
OBED: 0 Max { 0sED ( 0 ) } Min{ DsEo< o)} 
ABED( O) ABED(O) 
= = 
f 0(min) f o(max) 
0sus= Max { Dsus ( H) } 
Asus< H > : ·1 
= 
f 0(min) 
foe BED) detected: 0 f 0 (min) f 0 (max) 
f D( SUS) detected: f 0(min) 
VBED detected: 0 minimum maximum 
vsus detected: minimum 
Table 6.3 Summary of the bed-load and the suspended-load 
Doppler amplitude. frequency and detectable velocities 
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The bed-load Doppler amplitude [0sED(O)) for the layer of 
particles at h = O is plotted as a function of f 0 (BED) ( O) on 
the graph in Fig. 6.27 (i). The suspended-load Doppler 
amplitude [Dws(H)J for the layer of particles travelling at 
h = H is plotted as a function of fo(SUS) (H) on the graph in 
Fig. 6.27 (ii). The value of Max {~Eo(O)} is normalised to 
one (OdB) at f 0(min). 
Values on the graph are derived for the following example as 
follows: If we assume that vBED (at h = o) ranges between O .1 
to 5m/s and the Doppler constant [ko] = 200 where the 
Doppler equation applied to the bed-load Doppler frequency, 
fo(BED)(O) = k 0 ·vBED holds, then the minimum and maximum values 
of the Doppler frequency [f0(min) and f 0(max)] are 
calculated from the Doppler equation: 
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f 0(min) = 200·0.1 =~20Hz 
f 0(max) = 200•5 = lkHz 
The value of ABED(O) can be derived using Eqn. 6. 79 and 
normalising Max {DBED(O)} to 1 at fo(BED)(O) = f 0(min) = 20Hz, 
to give ABED(O) = 20. Since DBED(O) is inversely 
proportional to fo(BED) ( O), OBED( o) expressed in dB fal_ls off 
at 6dB/octave from OdB at f 0(min) = 20Hz (ie. vM ~ vM2 ) to 
-34dB at f 0(max) = lkHz. 
' If we assume kp(H) = -20dB (or O .1), then Eqn. 6. 75 can be 
used to calculate a value for Asus(H) equal to 0.1•20 = 2. 
The maximum of Dsus(H) occurs at the minimum detectable 
suspended-load velocity (ie. vM ~ vM1 ), corresponding to 
f 0(min) being detected, as follows: 
Max{Dsus(H)} = Asus(H) / f 0(min) 
= 2/20 
= 0.1 [=-20dB] 
(6.78) 
Dsus( H) falls off at 6dB/octave from -20dB as in Fig. 6. 27. 
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OdB 
Dsus(H) 
-~~~_l_p_egil91l ___________________ _ 
I 
I 
I 
: -6dB/octave _ 20dB 
I 
Max {D9.15 (H)! kp 
------------~----
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V.. > Vw2 
1 
I 
I 
f0 (min) 
20 Hz 
Vsus 
o.1m/s 
Vw > V111 
f D(SUS) 
. 
f D(SUS) (H) 
100 Hz 
Vsus 
0.5m/s 
Fig. 6.27 Graph of l>sED(O) as a function of fo(BED) and 
Dsas(H) as a function of fD(SUS) 
6.7.3 Comparator Stage: Errors of Suspended-load Detection 
The method of detecting the bed-load velocity entails 
converting the detected Doppler frequency into a voltage by 
passing the demodulated Doppler signal into a F-V converter. 
Before passing into the F-V converter, the demodulated 
Doppler signal is squared by passing it through a comparator 
stage with an effective adjustable amplitude threshold (~) 
for triggering (see Section 6.8.9). All Doppler amplitude 
signals (due to bed-load or suspended-load) that exceed the 
value of ~ will cause the comparator to trigger and 
contribute to the F-V convertion. 
In order that all bed-load Doppler frequencies at h_ = O 
[fo(BED)(O)] have a high probability of being detected and 
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Dsus (H) > o. The condition that Dsus(H) > ~ is most likely 
to exist when the minimum suspended-load Doppler velocities 
are detected (ie. fo(Ws)(H) = f 0(min)) since Dws(H) will be a 
maximum at this velocity defined by Eqn. 6.77. Max {Dsus(H)} 
can be calculated for the values given in the example as 
follows: 
Max {Dsus(H)} = Asus(H)/f0(min) = 2;20 = 0.1 = -204:1;3 
Since Max {Dsus(H)} is shown to exceed AT, then a particular 
suspended-load Doppler frequency exists, called ~ay fo(SUS)', 
I 
such that Dsus(H) equals ~· All suspended-load Doppler 
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signals having Doppler frequencies below fo(SUS)' will have a 
probability of being detected which exceeds the probability 
of detecting the bed-load Doppler signal having a minimum 
amplitude (ie. at f 0(max)). This is because suspended-load 
Doppler amplitudes will exceed the minimum bed-load Doppler 
amplitude when the Doppler frequency is below fo( SUS)'. We 
can determine fo(SUS)' by solving Eqn. 6.85. 
Dsus(H) = Asus(H)" I focsus)' = AT (6.85) 
Now solve for focws)' as follows: 
focsus)' = Aocsus)CH) /AT= 2 / 0.02 = lOOHz 
From the Doppler equation, lOOHz corresponds to 
vsus = o. 5m/s. 
This means that when the bed-load is stationary and v 505 > o 
( ie. when vMl < vM < vM2 ) then all suspended-load Doppler 
frequencies [fo(SUS) (H)] between f 0(min) and lOOHz will be 
detected, corresponding to false indications of bed-load 
velocities from O.lm/s to 0.5m/s (see Fig. 6.27). 
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6.7.4 Doppler Dynamic Range Defined 
A term defined as the Doppler Dynamic range [DR] indicates 
the ratio of the maximum suspended-load Doppler amplitude at 
h = H to the minimum bed-load Doppler amplitude at h = o 
over the entire range of detectable Doppler frequencies as 
in Eqn. 6.86. 
'' 
DR(H) = Max {Dsus(H)} I Min {DBEo(O)} (6.86) 
and expressed in dB: 
DR(H){dB} = 20 Log (DR(H)] (6.87) 
If DR(H) > 1 then the probability of detecting suspended-
load Doppler signals (at the lowest Doppler frequency) 
exceeds the probability of detecting bed-load Doppler 
signals (at high Doppler frequencies). This effect is most 
noticeable in the --real situation where a 
the bed-load 
flow regime of 
particles are 
stationary and the suspended-load particles are in motion. 
If the suspended-load Doppler amplitude ever exceeds the 
threshold voltage [AT] of the comparator stage 
(see Section 6. 7. 3) then the probabi 1 i ty of detecting 
suspended-load Doppler frequencies exceeds 50% and a false 
indication of a moving bed-load could occur. 
Techniques are presented (Doppler Dynamic Range Reduction 
Filter, Comparator with an adjustable threshold voltage) in 
the following sections to eliminate the above effect. 
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6. 7. 5 Design Strategy tp Ensure Only Bed-load Velocity is 
Detected 
To eliminate the process of falsely detecting suspended-load 
particle motion, the following design strategy is 
implemented: 
'' 
(i) The Doppler Penetration constant [kp] is minimized so 
that the amplitude of the suspended-load Doppler 
signals relative to the bed-load Doppler ~ignals are 
minimized. 
(ii) A Dynamic Range Reduction Filter is implemented which 
adjusts the Dynamic Range of the bed-load Doppler 
amplitude. 
(iii) A comparator with an adjustable trigger level (AT) is 
implemented. The trigger level is adjusted so that 
bed-load Doppler amplitudes have a high probability of 
being detected to cause triggering while suspended-
load Doppler amplitudes have a low probabilty of 
causing triggering. 
6.7.6 Doppler Dynamic Range Reduction CDDRR) Filter 
Note: In the following Section, the designation of the bed-
load and the suspended-load particles as being due to 
particles travelling at h = O and h = H respectively is 
dropped for shorthand notation. The mean bed-load and 
suspended-load Doppler amplitudes are written without the 
notation designating that a mean value is referred to. It 
is however assumed that these amplitudes are mean values. 
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Also kp(H) is written a..s kp for shorthand. The bed-load 
particles are defined as those particles travelling at h = o 
and similarly, the suspended-load particles are those 
particles travelling at h = H. 
The Doppler Dynamic Range [DR] as defined above can be 
expressed in shorthand as follows: 
DR = Max { Dsus} I Min {OBED} (6.86) 
Substituting Eqn. 6.77 and using Eqn. 6.75, DR can be 
expressed by Eqn. 6.88 as follows: 
DR = Asus/f D( min) 
ABED/fD( max) = 
kp•fD(max) 
fD(min) (6.88) 
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For the above example, DR = 0.1•1000/20 = 5 = 14dB. If the 
detected Doppler signals are transformed by passing them 
through a network with a transfer function [F(f)] which is 
linearly related to the input frequency [f] as follows: 
(6.89) 
where 2~·rp is chosen as follows: 
2~·rp = 1/fD(max) (6.90) 
then the transformation of the bed-load and suspended-load 
Doppler signals can be expressed by DFBED and DFsus. The 
transformation is determined from the product of the Doppler 
signal and the network transfer function at any Doppler 
frequency [fD]: 
D F BED ( f D) = OBED ( f D) • F ( f D) 
= ABEDlfD·2~·rp·fD 
= 2 ~ • r F •ABED (6.91) 
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In this way, the previo~ly defined maximum bed-load Doppler 
amplitude [at f 0 = f 0(min)] and minimum bed-load Doppler 
amplitude [at f 0 = f 0(max)] and all the bed-load Doppler 
signals for all Doppler frequencies are transformed into 
signals which are independant of their Doppler frequency and 
is expressed as follows: 
;, (6.92) 
Substituting Eqn. 6.90, into Eqn. 6.92, yields an expression 
for DFB~ as follows: 
DFBED = ABED I f o( max) (6.93) 
In the same way, the network also affects the suspended-load 
Doppler signals so that Dsus at all Doppler frequencies [ f 0] 
at the output of the network is expressed by Eqn. 6.94. 
DFsus(fo) = Dsus(fo) ·F(fo) 
= Asus/ f D. 21T • 1 F • f D 
= 2 1T • 1 F • Asus (6.94) 
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and similarly, all the suspended-load Doppler amplitudes 
including the maximum and minimum are transformed too and 
expressed by DFsus as follows: 
Max {,DFsus} = Min { DFsus> = DFsus = 21T • rp·Asus (6.95) 
Substituting Eqn. 6.90 into Eqn. 6.95, yields an expression 
for DFws as follows: 
DFsus = Asus / f 0(max) (6.96) 
In order that all fo(~D) frequencies are detected, the value 
of AT must be set to the transformed minimum possible bed-
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• load Doppler amplitude._ The value of ~ is therefore set 
to: 
(6.97) 
The maximum transformed suspended-load Doppler amplitude is 
given as follows: 
(6.98) 
The Dynamic Range is transformed by the network and 
expressed by DR' . It can be shown that DR' = kp, by 
expressing DR' as the ratio of Max {DFsus} to Min {DFBED}, 
which according to Eqns. 6. 92 and 6. 94 can be written as 
follows (and is valid over the entire range of Doppler 
frequencies): 
Max { DFsus} DFsus DR' = = Min { DFBED} DFBED 
= 
2 7r • 1 F • kp •ABED 
= kp 2 ?r • 1 F • ABED 
(6.99) 
For the values given above, DR has been reduced considerably 
from 14dB to -20dB (a 34dB improvement) 
As long as kp < 1, which in practice it always ,is, then the 
maximum suspended-load Doppler amplitude will never exceed 
Air. This implies that the probability of ever detecting 
suspended-load Doppler signals is always less than the 
probability of detecting bed-load Doppler signals. 
The network has successfully reduced the probability of 
detecting suspended-load particle velocities. In practice, 
the network is realized by a RC high pass filter. The 
163 
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design and parameters _of the high pass Dynamic Range 
Reduction filter is discusses in Section 6.8.8. 
6.7.7 Probability Functions of Detecting Bed-load and 
Suspended-load Particles 
The probability of detecting the DORR filtered bed-Lqad and 
suspended-load Doppler amplitudes [DFBED and DFsus] is 
expressed by probability functions. One of the main 
objectives of the system design is to detect bed-load 
' Doppler signals. There is however, a probability of 
detecting suspended-load Doppler signals. This probability 
has been greatly reduced by the DORR filter, but the 
probability is still greater than zero. It is important to 
calculate the probabilities of detecting bed-load (at h = O, 
defined by P{bed}) and suspended-load (at h = H, defined by 
P{sus}) Doppler signals so that design steps can be taken to 
increase P{bed} and decrease P{sus}. 
The probability functions are shown to be functions of the 
penetration constant [kp], the standard deviation constant 
[ ku] , and a newly defined constant, the threshold voltage 
constant [ kT] . The threshold voltage constant defines the 
setting of the comparator threshold voltage 
(see Section 6.8.9) following the DORR filter. 
Before probability functions can be derived, the above 
constants must first be defined. The Penetration constant 
is defined above in Eqn. 6.96. The threshold voltage 
constant simply expresses the comparator threshold voltage 
[AT] in terms of DFBED as follows: 
(6.100) 
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Next, the standard deviation constant [ku as defined above 
in Eqns. 6.80, 6.81, 6.82 and 6.83], is defined. 
Since the Doppler amplitudes, DFBED and DFsus are linearly 
related to ABED and Asus (both are related by 1/ ( f D (max) ) , ku 
also expresses the ratio of the standard deviation of DF~D 
and DF505 , namely aDF(BED) and aDF(SUS) to DFBED and DFsus 
respectively. 
'' 
(6.101) 
(6.102) 
In terms of ABED and A505 , the standard deviations [aDF(BED) and 
aDF(SUs)1 can be expressed by Eqns. 6.103 and 6.104 by 
substituting Eqns. 6.93 and 6.96 into Eqns. 6.101 and 6.102: 
0 DF (BED) = ku. ABED/f D (max) (6.103) 
(6.104) 
The probability of detecting bed-load Doppler frequencies 
equals the probability that DFBED > ~· It is expressed as 
follows: 
P{bed} = P{DFBED > ~) = 1 - Q [ 
DFBED - AT J 
0 oF (BED) 
where Q(x) is defined as in Lathi [Ref. 22, p377]. 
(6.105) 
Similarly, the probability of detecting suspended-load 
Doppler frequencies equals the probability that DFsos > ~. 
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It is expressed as follo~s: 
P{sus} = P{DFws > AT) = Q [ 
AT - DFsus] 
aDF (SUS) 
(6.106) 
Making substitutions from Eqns. 6 .100 and 6 .101 we ·obtain 
the following expressions: 
P{bed} (6.107) 
P{bed} (6.108) 
From Eqn. 6.106, P{sus} can be expressed by the following 
expression by susbstituting Eqns. 6.100 and 6.102 into 
Eqn. 6.106: 
P{sus} = Q [ kT•DFBED - DFsus] 
ku • DFsus 
(6.109) 
Make the substitution from Eqn. 6.99 for kp, P{sus} can be 
expressed as follows: 
P{sus} (6.110) 
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6.7.8 Analysis of Probability Functions 
To analyse the effects of kT, kp and ku on P{bed} and P{sus}, 
an analysis was carried out on a "Quatro" Spreadsheet. 
Values for P{bed} were calculated on the spreadsheet for 
P{sus} = 0.1 (case 1) and P{sus} = 0.01 (case 2) and 
plotted as a function of kp in Fig. 6.29 for P{sus}i$et to 
0.1 and in Fig. 6.30 for P{sus} set to 0.01. 
P ibed~ vs. k P [dB] for P ~sus~ 0.1 
for k~ = 0.2, 0.5, 1, 2, 5 
1.0 
• 
ko- = 0.2 
0.8 
kc-= 0.5 
0.6 • 
ku- = 1 
0.. 0.4 
'\ ku = 2 
e 
0.2 ko-= 5 
I 
0.0 
-30 -25 -20 -15 -10 -5 0 
Penetration Constant (k p) CdBJ 
Fig. 6.29 Probability of bed-load particle detection as a 
function of the Penetration constant with Pfsusl=0.1 for 
five different standard deviation constants 
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-a.. 
p ibed~ vs. kp [dB] for p ~SUS~ = 0.01 
for k"' = 0.2, 0.5, 1, 2, 5 
0
·
030 -25 -20 -15 -10 -5 0 
Penetration ConstCJ"lt (kp) CdBJ 
.,., 
kcr = 0.2 
M 
·kcr-= 0.5 
• 
k~ = 1 
ko- = 2 
e 
ko- = 5 
Fig. 6.30 Probability of bed-load particle detection as a 
function of the Penetration constant with P<susl=0.01 for 
five different standard deviation constants 
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For the two cases above, the values in Figs. 6.29 and 6.30 
are obtained by first solving for kT in Eqn. 6.110 for 
P{sus} = 0.1 (case (i)) and for P{sus} = 0.01 (case (ii)) 
for the range of kp and ku values. The values derived for kT 
and ku are then substituted into Eqn. 6.108 to solve for 
P{bed}. 
from Figs. 6. 29 and 6. 30 the following general conclusions 
can be drawn: 
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(i) P{bed} is larger fgr lower kp values. 
(ii) P{bed} is larger for smaller ku values. 
(iii) P{bed} approached a maximum value as kp is reduced 
irrespective of the value of ku or P{sus}. 
(iv) At kp = 1, the value for P{bed} equals P{$'\-1S} as 
expected since DFsos = DFBED at kp = 1. 
(v) At lower values of kp, P{bed} is lower for the case of 
I 
a lower P{sus} value. 
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The value of ku is entirely dependent on the slurry make-up. 
No design strategy can be implemented to decrease its value 
to increase the probability of correctly detecting bed-load 
velocities (P{bed}). 
However, the value of the penetration constant . (kp) is 
dependent on design parameters. The most important design 
parameter that affects the value of kp is the extent of the 
focusing of the ultrasonic crystals on the bed-load 
particles, which is a function of the focusing parameters 
and the height of the beginning of the suspended-load layer 
[H] as discussed in detail in Section 6.4.12. 
The ultrasonic 
inf 1 uences the 
attenuation 
value of kp. 
through the slurry 
Generally, the higher 
atenuation, the lower is the value of kp. -
also 
the 
In summary, to increase P{bed} for a fixed value of P{sus} 
we must: 
( i ) Decrease ku 
(ii) Decrease kp 
Un
ive
rsi
ty 
of 
Ca
pe
 T
ow
n 
However, ku is dependeot on the characteristics of the 
detectable particles and is determined from the standard 
deviation of the backscattering strength of the detectable 
particles. It is therefore independent of system design. 
The value of kp however is dependant on system design. 
Specifically, the efficiency of the focusing technique has a 
direct affect on kp. , . 
With the focusing parameters as chosen in Section 6.6: 
(0T=30°, 1P=17° and d=20mm), a value for kp can_ be derived 
' 
using either Fig. 6.15 or Fig. 6.17, depending on the 
suspended~load height [H]. For example, if the suspended-
load height begins at lOmm up from the pipe soffit then 
kp = -23dB. 
To ensure that the probability of detecting suspended-load 
particles from this height is very low (say 1% or 0.01 as in 
case (ii) of Fig. 6. 30.) then the comparator threshold 
voltage (see Section 6.8.9) can be set according to 
Eqn. 6 .110. 
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Now Fig. 6. 30 can be used to provide a prediction of the 
probability of detecting bed-load particle velocities. 
First, a value for ku must be known. This constant is 
dependant on the slurry particle properties that influence 
the fluctuation of the ultrasonic backscattering strength. 
Experimentation on typical sand-water slurries demonstrated 
that the backscattering strength fluctuated about a mean 
value with ku between approximately 1 and 2. 
From Fig. 6. 30 with ku between 1 and 2 and with kp = -23dB, 
P{bed} ranges between 0.60 to 0.75. (60% to 75%), which is 
at least 60 times greater (P{bed}/P{sus} = 0.6/0.01 = 60) 
than the probability of detecting suspended-load particle 
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velocities, demonstrating that the UDBV has successfully 
been designed to measure bed-load particle velocities. 
6.7.9 Implication of the Probability Function on the Doppler 
Eguation 
The implication of the P{bed} function on relating tne peak 
Doppler frequency to the bed-load velocity is discussed. 
Simply, the output voltage of the F-V converter will be 
related to the bed-load particle velocity accor~ing to the 
' Doppler equation if P{bed} = 1. If P{bed} < 1, which is 
usually the case in practice, then by definition of the 
probability function, the bed-load Doppler frequency will on 
average be converted to a voltage only P{bed} of the time 
within a unit time. This implies that the relationship 
between the Doppler frequency and the detectable particle 
velocity according to the Doppler constant [ko] is more 
accurately expressed by Eqn. 6.111 as follows: 
fo(BED) = P{bed} ·ko•VsED (6.111) 
6.7.10 Conclusion 
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The demodulated Doppler signal as expressed by Eqn. 6.2 has 
been expressed more accurately by taking into account three 
factors that are ignored by the Doppler equation. These 
three factors are: (i) suspended-load particles travelling 
within the insonified volume will be detected (ii) the 
Doppler frequency is broadened (iii) the power of the 
Doppler signals are inversely proportional to the height of 
the particles detected and (iv) the Doppler power is not 
constant in time. 
Un
ive
rsi
ty 
of 
Ca
pe
 T
ow
n 
The implication of the above factors is that suspended-load 
Doppler signals are detected, falsely indicating a bed-load 
velocity. This effect is especially apparent in practice in 
the flow regime vMl < vM < vM2 , i~. when vBED = o and v 505 > o, 
since the Velocimeter will indicate a moving bed when it is 
actually stationary. 
To reduce the probability of falsely detecting suspended-
load velocities a Doppler Dynamic Range Reduction Filter 
(DORR Filter) was implemented to ensure that . the Doppler 
amplitude is independent of the Doppler freq~ency. The 
probability of detecting bed-load and suspended-load 
particle velocities has been described by probability 
functions. 
It has been shown that the probability functions are 
functions of the Penetration constant [ kp] , the standard 
deviation constant [ ku] and a comparator threshold voltage 
constant [kT]· The probability functions provide 
information so that the comparator threshold voltage can be 
correctly set and provide predictions of the probability of 
detecting bed-load and suspended-load particle velocities. 
It has been shown that with appropriate design methods, the 
Velocimeter will detect bed-load particle velocities with a 
far higher probability compared with detecting suspended-
load particle velocities. 
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6.8 ELECTRONIC CIRCUITRY DESIGN 
6.8.1 Introduction 
Note: For shorthand in this Section, the mean bed-load 
Doppler frequency [ fD(BED)] is referred to as fo unless a 
distinction between the bed-load and suspended-load ~oppler 
frequencies needs to be drawn for the discussion. 
Each circuit module is first briefly discus~ed in the 
I 
following section in the order in which the block diagram of 
Fig. 6.31 is layed out. Following this discussion, details 
of important modules are investigated in individual 
sections. In these sections component values are referred 
to as labelled in the circuit diagrams of Appendix c. 
6.8.2 Block Diagram Description 
A list of the electronic circuitry modules of the UDBV and 
their functions follows. The labelling is wi~h reference to 
the block diagram of Fig. 6.31. 
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(1) Oscillator 
A tuneable lMHz oscillator, to drive the Tx. crystal in cw 
operation. The tuneable bandwidth is approximately 200kHz 
(see Section 6.8.4) 
(2) Current Amplifier t ., 
To provide sufficient current to drive the Tx. crystal via a 
20m coaxial cable and to provide isolation petween the 
' 
oscillator and the Tx., a unity gain, current amplifier is 
used capable of delivering 200mA. (see Section 6.8.5) 
(3) Attenuator 
A small part of the oscillator current is tapped off to 
supply · the demodulator with a reference frequency. The 
oscillator voltage to the demodulator is attenuateq to 300mV 
rms as this is the optimum voltage for the demodulator 
(block no. 7) 
(4) Band Pass Filter 
175 
The Rx/ signal is bandlimi ted by a bandpass filter to cut 
out unnecessary noise signal from being amplified and 
demodulated. The filter consists of a single pole RC hi-
pass filter at the input of the pre-amp (Block no. 5) with a 
high pass cut off frequency, fac = 413kHz and a low-pass 
single pole RC filter constituting the feedback impedance of 
the pre-amp with f~ = 1.6MHz. 
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(5) Pre-Amp 
The Rx. signal is amplified by a pre-amp by 20dB. The pre-
amp also serves as a buff er stage between the Rx. signal 
(after filtering) and the demodulator. (see Section 6.8.6) 
(6) Low-Pass Filter :: ., 
High frequency noise received by the pre-amp is filtered by 
a RC filter with fc = 1.6MHz·. 
(7) Demodulator 
The Rx. signal is demodulated to extract any Doppler shifted 
terms by multiplying the Rx. signal with a reference Tx. 
signal tapped off from the transmitter oscillator. (see 
Section 6.8.7) 
(8) Band-Pass Filter 
176 
Since the demodulation process (7) involves multiplying as 
described in Section 6.2, the product will contain DC terms 
and terms at a frequency of 2fT. These terms are filtered 
out by a bandpass filter stage following the demodulator 
stage. The high [ fHc] and lower [ f LC] cut-off frequencies 
are: fHc = 14kHz and fLC = 72Hz. All Doppler signals for all 
practical particle velocities will fall well below foc· 
Doppler frequencies below fLC will probablly still be 
detected, depending on their amplitudes. 
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(9) Adjustable Doppler G~in Control 
The demodulated Doppler signal is amplified by a variable 
gain amplifier. The voltage gain (Av) can be set between 
OdB to 59dB. The setting of the gain is dependant on the 
strength of the Doppler signal for a particular system. The 
Doppler signal strength depends on many factors such as the 
backscattering strength from the slurry particle sca~~erers, 
the ultrasonic transmission strength through the 
transmission layer, the oscillator frequency, the coaxial 
cable length etc. 
177 
It is set so that the amplified bed-load Doppler signal is 
large enough to be processed by the proceeding modules but 
not too large so that noise is detected by the following 
modules. Suspended-load Doppler signals are considered to 
be noise too. Its setting effectively influences the 
comparator threshold voltage lArJ (see block no. 11 below). 
(10) Doppler Dynamic Range Reduction {DORR) High-Pass Filter 
To reduce the dynamic range of the Doppler signal as 
discussed in Sections 6.7.4 and 6.7.6. It consists of a RC 
single pole high pass filter with fHc = 2.2kHz (the maximum 
Doppler frequency) 
(11) Comparator 
The function and necessity of a comparator stage with an 
adjustable threshold voltage lArJ is discussed in 
Sections 6. 7. 5, 6. 7. 6 and 6. 7. 7. Briefly, its function is 
to only pass bed-load Doppler signals and not the suspended-
load Doppler signals. (see Section 6.8.9) 
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This comparator stage is not adjustable but rather has a 
' fixed threshold voltage equal to 120mV. The adjustable 
threshold voltage is realized with the combination of the 
adjustable Doppler gain stage (block no. 9) and the fixed 
threshold voltage of this comparator. The effective value 
of AT is therefore the 120mV multiplied by the reciprocal of 
the Doppler gain: 
~ ., 
AT = 120mV /Av (6.112) 
The output of the comparator stage will unqer correct 
' 
operating conditions, be a square wave with its fundamental 
frequency equal to fD. (see Section 6.8.8) 
(12) Level Shifter 
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A voltage level shifter module follows the comparator stage 
so that the voltage is compatible with the required input 
voltage of the monostable of block no. 13. 
(13) Monostable 
A monostable forms the first module of a set of modules 
(block nos. 13,14,15 and 16) to drive the Doppler Signal 
(Bed-Condition) Indicator LED as decribed in Section 6.8.14. 
The monostable produces a 22mS pulse when the Doppler signal 
causes the comparator stage (block no. 11) to trigger. The 
output of the monostable will be continuously high for 
fD > 1/22mS > 45Hz, indicating a Doppler signal of fD > 45Hz 
is being detected. If however fD < 45Hz then the output of 
the monostable will not be continuously high but will be a 
string of pulses occuring every 1/fD second with a width of 
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22mS. If the bed-load_ velocity is zero then no Doppler 
signal will be present so the output will remain low. 
(14) Delay 
A delay stage of 4.8ms follows the monostable stage. This 
stage prevents noise pulses that are either < ,~2V in 
amplitude and/or < 4.8ms in duration from being detected to 
falslely indicate a moving bed-load velocity. 
(15) Nand-Gate Pair 
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The Nand gate following the delay stage operates as a 
Schmidt trigger to 'clean-up' the transition voltage from 
low to high of the delay stage. The second Nand-gate of the 
pair acts as a voltage inverter. 
(16) LED Driver and "Doppler Signal (Bed Condition)" LED 
The output of the Nand-gate pair must be indicated by the 
"Doppler-Signal" indicator LED. To provide sufficient drive 
of 20mA for the LED, a LED current amplifier Ori ver is 
implemented. 
(17) Attenuator 
The output square wave of the comparator (Block no. 11) is 
attenuated by 0.15 (-16dB) so that the F-V converter 
following it is driven within the specified volatge. 
Un
ive
rsi
ty 
of 
Ca
pe
 T
ow
n 
180 
(18) Frequency to Voltage Converter (ZCC) 
A frequency to volatge converter (a zero-crossing-counter) 
is provided to process the demodulated Doppler frequency and 
convert it to a voltage for further processing. The 
relationship between the bed-load velocity [vBEDl and the 
output voltage of the F-V converter [V~] is as follows: 
(6.113) 
so that if and when vBED is a maximum of 5m/s then Vpv reaches 
' its maximum of lOV. 
The analysis of the F-V converter used as a zcc has been 
discussed in Section 6.5.5. The circuitry implementation is 
discussed in detail in Section 6.8.10. 
(19) Buffer 
A unity gain buff er stage follows the F-V converter to 
provide current amplification and isolation between the F-V 
converter stage and the following stages. 
(20) 6-Way "Response Time" Selector Rotary Switch 
A 6-way rotary switch is used to set the desired value for 
the response time of the system. The switch provides a 
choice of the 3dB cut-off of the low-pass filter stage that 
follows. 
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(21) Low-Pass Filter Ban~ 
A bank of RC single pole low-pass filters with the response 
time [ r] set according to the position of the Selector 
rotary switch (Block no. 20). The six response time 
settings are: 0.2, 0.5, 1, 2, 4 and 8 seconds. (see 
Section 6.8.11) 
(22) Buffer 
Another unity gain buffer stage follows the Low-Pass Filter 
bank. 
(23) 6-Way "Maximum Velocity" Selector Rotary Switch 
Another 6-way rotary switch is used to set the desired value 
for the maximum detectable bed-load velocity [vMAx] of the 
system. vMAX may be set to one of six discrete settings: 
0.5, 1, 2, 3, 4 or 5m/s. The switch provides a choice for 
the scaling settings that follow. 
(24) Adjustable Scaling 
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Depending on the vMAX setting (block no. 23), the output DC 
voltage from the F-V converter must be scaled according to a 
scaling constant [ks] so that it has a maximum of lV when 
vBED=vMAx· The scaling constant satisfies Eqn. 6.114. 
ks = 1/vMAx (6.114) 
The voltage at the output of the scaling module is defined 
by VvI (the subscript VI refers to the fact that this voltage 
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is the input voltage to the voltage to current converter 
module, which follows). Vvr can be expressed by Eqn. 6 .115. 
(6.115) 
(25) Voltage to current Converter 
The voltage to current converter (V-I) converts the scaled 
DC voltage between O to lV (from block no. 24) to a current 
between O to 20mA [lout]. An optional manually_ adjustable 
' 
offset current [ Ios] between O to 6mA is provided as in 
Eqn. 6.116. 
lout = Vvr/50 + Ios (6.116) 
(26) Current to Voltage Converter 
The output current is converted to a voltage [VrvJ according 
to Eqn. 6.117). 
Vrv = 100 rout (6.117) 
so that it produces an output voltage of 2V when 
rout = 20mA. This voltage is used in the next module, the 
"Over Range Detector" comparator (block no. 27). 
(27) "Over Range Detector" Comparator 
This module determines whether the output current exceeds 
20mA and if so the output goes high to drive a "Current Over 
range" LED indicator via a current LED driver (block no. 
28). The voltage v1v is compared with a reference voltage 
adjusted so that the output of this comparator triggers high 
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when rout exceeds 20mA. If Vrv is exactly equal to 
Eqn. 6.117 then the reference voltage is set to exactly 2v. 
(28) LED Driver and "Current Over range" Indicator LED 
The output of the "Over Range Detector" Comparator must be 
indicated by the "Current over range" Indicator LED. To 
provide sufficient drive of 20mA for the LED, a current 
amplifier LED Driver is implemented. 
6.8.3 Transducer Matching Circuitry 
6.8.3.1 Crystal Electrical Parameters 
The param~ters of the piezoelectric ceramic PZT (lead 
zirconate titanate) crystals used in the transducer of the 
Velocimeter can be defined in terms of electrical 
parameters. It is important to determine the values of 
these parameters so that efficient operating conditions can 
be established ( eg. operation at resonance) . It is also 
important so that electrical matching circuitry between the 
transducer and the circuitry can be designed to increase 
efficiency. 
A Piezoelectric crystal operating near resonance in a vacuum 
(air is almost an identical approximation and data for 
operation in a vacuum is obtained from measurements in air) 
can be modelled by an equivalent circuit as in Fig. 6.32. 
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EL.E"CTR.I LJ...l M~Ll-\AN\l.A/.... ( 'Jtf>RATIONAL) 
BR.ANG» B~c..H 
Fig. 6.32 Equivalent circuit for a crystal radiating into 
air 
In this model the mechanical (or vibrational) resonance is 
defined by the series branch Rr.oss' 111, CK. Rr.oss is the 
component which defines the energy dissipation both 
internally (Rr.oss> and as ultrasonic radiation (RRAD)· Since 
no the ultrasonic radiation occurs in air, R.roT is due 
solely to internal losses within the crystal so that: 
(in air) (6.118) 
LM represents the equivalent mass of the vibrating system 
and CM the stiffness responsible for the restoring force. 
c0 is the electrical capacitance of the crystal due to its 
parrallel metal contacts on the two faces. 
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A circle diagram, which is effectively an admittance locus 
[ Y = G + jB] where G is real (conductance) represented by 
the x-axis and jB is imaginary (susceptance) represented by 
the y-axis, can be used to determine the crystals 
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parameters. The admittance is calculated (by means of a 
network analyser) for a range of frequencies near mechanical 
resonance. 
From the equivalent circuit of Fig. 6.32 it is evident that 
two resonant circuits exist. Mechanical resonance is 
determined by CK and ~ and is responsible for a minimum 
impedance equal to RM at the series resonant frequency, as 
follows: 
185 
At f 5, the only susceptance [ jB] is due to c0 and is 
represented by a shift of the entire circle diagram up the 
susceptance axis to a value jB = c0 at the series resonant 
frequency. 
The Velocimeters crystals were 
piezoelectric crystals. The circle 
unmounted and propagating in air 
vacuum) is given by Fig. 6. 33. 
1 MHz, 
diagram 
(which 
lOmm diameter 
for the crystal 
approximates a 
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Fig. 6.33 Circle Diagram for crystals radiating into air 
From this circle diagram, the series mechanical resonant 
frequency [fs], the natural 3dB unmatched bandwidth [f3d8 ], 
the value of c0 , 11t' CM and Rwss can al 1 be determined. 
186 
fs occurs at the point of maximum admittance. 
by Eqn. 6.120, where f 1 and f 2 are the top and 
of the circle diagram [Ref. 20]: 
f 3dB is given 
bottom points 
f 3da = f 2 - f 1 = 1035kHz - 1026kHz = 9kHz (6.120) 
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At a frequency equal to f 5, the value of the conductance 
[G( fs)] is solely due to internal losses so that 
G(fs) = Gwss = 1/Rwss (see Fig. 6.33) as given by Eqn. 6.121 
Rwss = 1/Gwss = 1/ G ( f s > 
= 1/14.3m = 7on 
(6.121) 
The value of LM is determined as follows, for a series 
resonant circuit: 
LM = Rwss I 2 11" • ( f 3dB > (6.122) 
= 70/27r•9k = 1.24mH 
The value of CM is determined from LM and the series 
resonant frequency as follows: 
where fs = 1030kHz, solve for CK: 
cM = 1 / (27r•fs) 2 ·LK 
= 19pF 
(6.123) 
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When the crystal is mechanically loaded by mounting it on 
the pipe-line by means of a a transducer window (eg. resin), 
then radiation from the crytal into the contact medium 
occurs. The equivalent electrical model is modified as 
shown in Fig. 6.34. 
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LH 
Fig. 6.34 Egµivalent circuit for a c:r:ystal radiating into a 
load 
The resistive and mass loading of the transducer window and 
pipeline, RRAD and LRAD, appear in the series RLC branch to 
produce a combined resistance RTOT and inductance LTOT as 
follows: 
RTOT = RRAD + Rwss ( 6 .124) 
(6.125) 
The mechanical loading does not contribute any stiffness 
loading and thus CK remains unchanged. 
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The circle diagram will exhibit a lower conductance value 
( GTOT) due to loading then when radiating into air ( Gwss) and 
will therefore by smaller. From the circle diagram of 
Fig. 6.35, GroT can be determined from which RToo is obtained. 
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Fig. 6.35 Circle Diagram for the Rx. crystal loaded with 
the transducer window and the pipe-line 
For the Rx. crystal: 
RTOT = 1/GroT = 1/2.37m = 422n (6.126) 
and for the Tx.: 
RTOT = 1/GTOT = 1/2. 77m = 36ln (6.127) 
The value of RRAD for the loaded Rx. crystal can be 
determined using Eqn. 6.124 and with RLOss as calculated for 
the case above with the crystal radiating into air: 
RRAD = RToT - RLOss 
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RRAD = 422 - 10 = 35zn 
and for the Tx.: 
RRAD = 361 - 70 = 2910 
Mechanical loading also causes the bandwidth and, .series 
resonant frequency to be altered. From the circle diagrams 
of Fig. 6.35, the bandwidth of the Rx. mounted is as 
follows: 
f 3dB = 1056 - 952 = 104kHz 
and for the Tx.: 
f 3dB = 1055 - 955 = lOOkHz 
The value of LTOT for the Rx. can be determined from the 
series resonant frequency [fs'] of the Rx. when loaded 
(see Fig. 6.35) with CK as determined above, as follows: 
(6.128) 
solve for LroT: 
LTOT = 1. 36mH 
Similarly, for the Tx, with fs' = 1034kHz: 
LrOT = 1. 25mH. 
The value of LRAD for the Rx. and Tx. respectively can be 
derived from Eqn. 6.125 using the values of LTOT given above. 
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First, the Tx.: 
LRAD = 9uH 
and for the Rx: 
LRAD = 119uH 
6.8.3.2 Receiver Matching and Sensitivity Improvement 
. 
This section discusses the receiver matching technique and 
the improvement in the sensitivity due to the matching. 
Since the transducer is placed on the pipeline some distance 
away from the circuitry housing, the signal is interfaced 
between the circuitry and the transducer via a pair of co-
axial cables. The equivalent circuit of a Rx crystal driving 
a co-axial cable and a pre-amp stage is shown in Fig. 6.36 . 
. 
. 
. . ;----------------:----------------z·---------------- VA 
: : 
. 
Co ~LT ~<Ry = '-ILQ > 
. 
. 
. . 
-···-·-----··--:-·-... ---... -··--~-------------···--· .. ··-
Rx. CRYSTAL ; co~x ; PRE~HP 
Fig. 6.36 Rx. crystal driving a coaxial cable and a pre-amp 
stage 
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At mechanical series resonance the Rx. is characterized by a 
real impedance, RRAD being driven by a voltage vrN· An 
internal impedance determined by the un-clamped electrical 
capacitance c0 is in parralel. The co-axial cable can be 
represented by a lumped shunt capacitance Cc. The input 
impedance of the pre-amp is represented by a shunt capacitor 
CA and a shunt resistor RA. The voltage at the amplifier 
input resulting from the Rx. signal is vA. 
For a sinusoidal 
design, the ratio 
crystal. 
input signal, 
of vA/vrN is 
as is the case 
the sensitivity 
Sensi ti vi ty = vA/vIN = I Z/ (RRAD + Z) I 
where Z = 1/Y 
in this 
of the 
(6.129) 
(6.130) 
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Consider first the case when no inductive tuning exists. 
The operating frequency is lMHz, so w = 2~·1MHz. The pre-
amp (see Section 6.8.6) has a real resistive input impedance 
[RA] equal to 1K2. The maximum co-axial cable length is 
20m. Cc can be determined from the specification of son co-
axial cable which has a capacitance typically of 86pF/m. At 
20m, Cc = ln7. Typically the capacitance of the pre-amp 
stage is below 20pF, so it can be ignored relative to Cc· 
The value of c0 is obtained from Section 6.8.3.l above and 
has a value of 240pF. From the equivalent circuit of 
Fig. 6.34, the value of RRAD is 3520. 
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For these parameters, Y ~t 1 MHz is: 
y = l/1K2 + j2~·1MHz (240pF+ln7) 
= o.83 x 10-3 + j12.19 x lo-3 
from which Z can be determined: 
Z = l/Y = 5.6 - j81.7 
The sensitivity for these conditions is as follows: 
Sensi ti vi ty = vA/vrN = I Z I (RRAD+z) I 
= l5.6-j81.7 I (352+5.6-j81.7)1 
= 0.22 [=-13dB] 
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The sensitivity can be increased by adding a parallel 
inductor [ ~] tuned to resonate with the combination of 
c 0+cc+CA at the mechanical series resonance of lMHz. The 
value of the inductor is: 
LT = 1/w2 • C ( 6 . 131 ) 
For the above parameters, the value of LT = 13µH. The new 
value of z with inductive tuning is expressed by ZT and 
depends on the Q of the LC tuned circuit. An inductor with 
a Q of 50 at lMHz was used. ZT equals the parallel 
combination of the effective resistance at resonance [~] 
and the input impedance of the pre-amp as in Eqn. 6.132. 
(6.132) 
where RT = wLQ = 4Kl (6.133) 
therefore ZT = 9280 
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The new sensitivity is now equal to: 
Sensistivity = vA/vrN = I ZT/(RRAD+ZT) I 
=0.73 [-2.SdB] 
The sensitivity of the Rx. has been improved by 10.2dB by 
appropriate matching techniques. 
6.8.3.3 Transmitter 
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For maximum sensitivity of the Tx. crystal, the output 
impedance of the driver circuit must be as low as possible. 
This is one reason for the necessity of a current buffer 
following the oscillator stage. (see Section 6. 8. 5) The 
output impedance of the buffer is low at the operating 
frequency. It is specified as 60 at lKHz. At the operating 
frequency of lMHz, the output impedance was measured and 
equals 100 which is suitably low for driving the Tx. crystal 
with high sensitivity. 
If a current buffer is employed to drive the Tx. , then a 
matching network is not required. 
6.8.4 Transmitter Oscillator (block no. 1) 
6.8.4.1 Reguirements 
To drive the Tx. crystal in constant wave (CW) operation a 
suitable designed oscillator is required which must satisfy 
the following criteria: 
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(i) Center frequency of lMHz 
This is the approximately the series resonant frequency of 
the Tx. and Rx. crystal. 
(ii) Tuneable in the range (bandwidth) of approximately 
200kHz 
'' 
The oscillator m~st be tuneable for the following two 
reasons: All PZT crystals are slightly different, thay have 
slightly different resonant frequencies. Maximum efficiency 
' in terms of ultrasonic sensitivity and in terms of 
minimizing the required driving current is achieved by 
operating the crystals at series resonance. 
Also, the maximum efficiency of transmission of the 
ultrasound at the interface of the transducer window 
material (eg. resin) and the pipe-wall (eg. steel), and at 
the interface of the pipe-wall and the pipe-lining material 
(eg. polyurethane) will probablly occur at a frequency away 
from the series resonance of the crystal. 
The optimum operating frequency is the frequency for which 
the S/N ratio of the demodulated signal is a maximum. This 
frequency is best determined in practice by tuning the 
transmitter oscillator until the Doppler signal is a maximum 
(this frequency set up is achieved when the bed-load 
velocity is greater than zero and the demodulated Doppler 
signal is observed on an oscilloscope or spectrum analyser). 
The oscillator tuneable bandwidth is approximately 200kHz so 
that any operating frequency within the bandwidth of the Tx. 
and Rx. crystals (which have a bandwidth :==: lOOkHz) can be 
chosen for optimum operating conditions. 
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6.8.4.2 Circuit Design 
The circuit consists of a transistor differential pair, with 
a parallel resonant tuned circuit in the collector load of 
the non-inverting differential pair. Positive feedback is 
provided from the resonant load to the inverting input of 
the differential pair to maintain oscillations. The tuned 
circuit consists of a fixed inductor (Ll) and. fixed 
capacitor (C9) and two trimmer capacitors (fine tuning: CTl) 
and (course tuning: CT2) all in parallel. Stray capacitance 
( CsTRAY) is also present in the tuned circuit with a value 
I 
::::: 50pF. The- desired tuneable bandwidth is approximately 
200kHz with a ceneter frequency of 1 MHz. Ll is a chosen to 
be a wire wound ferrite coil former with an inductance of 
lOOuH and a rated Q of 65 at 1.5 MHz. To determine values 
for C9, CTl and CT2, the following equations ~re used to 
describe the minimum and the maximum oscillating frequency: 
(6.134) 
(6.135) 
where L = Ll = lOOuH, solve for cMAX and cKIN: 
CMAX = C9 + CsTRAY + CTlMAx + CT2MAx (6.136) 
CMIN = C9 + CSTRAY + CTlMIN + CTlKIN (6.137) 
With the following component values used in the final 
design, the actual values of fMIN and fMAx can be calculated: 
C9 = 150pF, CTl = l.8-22pF, CT2 = 7-lOOpF 
fKIN = 887kHz 
fMAx = llOlkHz 
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Which is validated in p~actice to be very closely equal to 
theory. 
6.8.5 Current Amplifier Buffer (block no. 2) 
6.8.5.1 Reguirements '., 
(i) Provide current gain 
I 
The current buffer is the stage that follows the transmitter 
oscillator. Its function is to provide current gain and 
isolation between the oscillator and the transducers 
crystals with minimal distortion. 
The Tx. crystal within the transducer is connected via a 20m 
co-axial cable having a capacitance [Cc] of ln7 for a 20m 
length. This is equivalent to a real resistive load with a 
magnitude of 940 at lMHz. Current amplification is 
therefore necessary to prevent the transmitted signal from 
being distorted at the Tx. 
6.8.5.2 Circuit Design 
A commercially available current IC amplifier, namely the 
National LH0002 is suitable for this application. Its wide 
bandwidth (30MHz), its low harmonic distortion and its 
steady state output current capability of lOOmA make it 
suitable for this application. Also, it has a reasonably 
high input impedance (30k0 at 1 MHz) which will not load the 
oscillator significantly, it has a low output impedance (60) 
suitable for driving a low impedance load. The output 
current that the buffer should be capable of delivering [IB] 
can be expressed as follows: 
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(6.138) 
where VRMS is the RMS volatge of the oscillator and ZL is the 
combination of the impedance of the co-axial cable and the 
Tx. crystal as follows: 
(6.139) 
'' 
with c0 = 240pF (see Section 6.8.3.1) and Cc= ln7 (see 
Section 6.8.5.1). 
' At lMHz, ZL = 820 and with a peak to peak voltage from the 
oscillator [Vpp] of 12V, IB should be at least: 
IB = (Vpp I 2.fi) I 82 
IB = 52mA 
(6.140) 
The lOOmA rated output current of the buffer is therefore 
acceptable to drive the Tx. crystal via a 20m co-axial 
cable. 
6.8.6 Pre-Amp and Filters (block nos. 5 and 6) 
The signal from the Rx. crystal is relayed along a coaxial 
cable to the circuitry housing. This received signal is 
filtered, amplified and buffered by means of a National 
LM359 Norton (current) amplifier and associated passive 
components. The LM359 is chosen because it has a high gain 
bandwidth product (specified gain of up to 100 at 400MHz) 
and a low spot noise figure specified at 6 nV//ffZ for 
frequencies above lkHz. Spot noise = 6uV at 1 MHz. 
The LM359 is configured with a gain = 20dB, and a -3dB 
bandwidth ~ 450kHz to 1.6MHz. The input signal comes from 
the coaxial cable and- matching network discussed in 
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Section 6.8.3.2. The ipterf acing between the Rx. crystal 
and co-axial . cable to the pre-amp has been discussed in 
Section 6.8.3.2. The circuit configuration of the pre-amp 
is based on an inverting video amplifier design example 
presented in the National Linear Data book (Ref. 29,p3-234]. 
The output impedance at 1 MHz is approximately 40 which is 
an effective buffer for interfacing to the low pass, ,filter 
stage following its output. 
6.8.7 Demodulator: Multiplier (block no. 7) 
A demodualtor as described in Section 6.2 above can be 
realized with a commercially available balanced modulator/ 
demodulator such as the LM1496. It produces an output 
voltage proportional to the product of an input (signal) 
voltage and a switching (carrier) signal. 
The LM1496 was chosen as it has a sufficiently wide 
specified frequency response ( lOOMHz); has an adjustable 
gain, has fully balanced inputs and outputs and has low 
offset and drift. The external components are chosen based 
on a typical application circuit in the National Linear Data 
book (Ref. 29, pl0-109] which operates as a single sideband 
suppressed carrier demodulator (or product detector). The 
voltage supply is o to/+12V DC. 
A small portion of the transmitter oscillator signal is a.c 
coupled to the carrier input pin (pins 8 (+ve) and 10 (-ve). 
A value of 300mV is tapped off the transmitter oscillator 
with a potential divider voltage attenuator (block no. 3) to 
satisfy the suggested optimum operating condition. The pre-
amplified Doppler received signal is a.c coupled to the 
signal pin (pin 1). The gain is set with resistors Rl3 and 
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R22 and is approximately equal to R22/R13 = 2K7/100 ~ 29dB 
which prevents any distortion of the Doppler signal. 
The ouput of the demodulator (pin 12) is passed through a 
band-pass, filter (block no. 4). The band pass (BP) filter 
attenuates the high frequency carrier breakthrough, the 
multiplied sum frequency ( 2 • fT) and the DC term Ry2 cos eB 
(see Section 6. 2. 3). The BP filter consists of a, ~C low 
pass filter ( fr.c ~ 14kHz), which exceeds the highest 
expected demodulated Doppler frequency, coupled directly to 
a RC high pass f i 1 ter ( f HC ~ 7 2Hz ) to cut out t.he unwanted 
I 
DC signal. 
The output of the B.P filter will be the Doppler shift 
signal devoid of DC or high frequencies. 
6.8.8 Doppler Dynamic Range Reduction CDDRR) Filter 
(block no. 10) 
The dynamic range reducti n filter network discussed in 
Section 6.7.6 should have a transfer function as follows: 
(6.89) 
where 2~·1p = 1/fn(max) (6.90) 
This transfer function can be realized with a RC hi-pass 
filter circuit having a transfer function as follows: 
(6.141) 
with fp = RC chosen according to eqn. 6.90. 
From Eqn. 6.141, Eqn. 6.89 will be accurately satisfied for 
all frequencies [f] such that f << fn(max). At f = fn(max), 
Eqn. 6.89 will be have a maximum error of 3dB, which can be 
ignored. 
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6.8.9 Comparator Cblock no. 11) 
The function and necessity of a comparator stage with an 
adjustable threshold voltage [~] is discussed in 
Section 6.7.3. Briefly, its function is to only pass bed-
load Doppler signals and not the suspended-load Doppler 
signals. 
In Section 6.7.3 the analysis is in terms of an adjustable 
comparator threshold voltage and no mention is made of the 
Doppler gain stage. In practice however, a comparator with 
' 
an adjustable threshold voltage is not implemented as 
problems such as unwanted oscillations in the comparator 
stage could exist, especially for the wide dynamic range 
required by the threshold voltage. More preferable is a 
comparator stage with a fixed threshold voltage (120mV) 
which is preceeded by an adjustable Doppler Gain control 
amplifier (block no. 9). The effective value of ~ as 
defined in Section 6. 7. 3 can be redefined in terms of the 
fixed comparator threshold voltage of 120mV, and the 
adjustable Doppler Gain [Av] as in Eqn. 6.112. 
AT = 120mV /Av (6.112) 
Once the Doppler Gain has been correctly set (see Chapter 7, 
Section 7.2), the output of the comparator stage will be a 
square wave with its fundamental frequency'equal to f 0• 
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6.8.10 Doppler Processing CF-V converter or ZCC) 
6.8.10.1 Introduction 
Note: The 
converter 
input frequency to 
[ fIN] is the mean 
the frequency to voltage 
bed-load Doppler frequency 
[ fn(BED) J or expressed simply as fn '., 
202 
Processing the Doppler frequency involves linearly 
converting its frequency to a voltage. As has been 
discussed in Section 5. 6 and Section 6. 5. 5, a recognized 
technique for processing the demodulated Doppler signal [fn] 
is to count the average number of zero crossings of the 
signal over a period of time by means of a zcc. The 
expected number of zero crossings [N] is related to the PSD 
of the input -Doppler signal, where N is given by Eqn. 5.33: 
fz = N/2 = (fn2 )1/2 = fD(RMS) (5.33) 
where fn is the mean bed-load Doppler frequency [ fD(BED)]. 
The expected instantaneous frequency provided by a zcc is 
expressed by f z according to Eqn. 5. 3 3 and equals the RMS 
(bed-load) Doppler frequency. This method of converting a 
frequency to a v~ltage can be realized with a commercially 
available frequency to voltage converter (F-V) IC, the 
National LM2907. The input frequency and output voltage of 
the F-V converter are defined by frN and Vpv respectively. 
The output voltage of the F-V converter will then be 
linearly related to fz, according to the F-V constant [k~J 
as in Eqn. 6.142. 
(6.142) 
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The relationship betwe~n Vpv and fo can be derived by 
expressing f z in terms of fo according to the data presented 
in Fig. 6.24, which relates the ratio [fz/fo] to the Doppler 
spectral width ratio [~] for a Gaussian Doppler PSD. 
If the Doppler PSD is narrow then fz = fo and Eqn. 6.142 can 
be expressed as: 
(for a narrow Doppler PSD) 
(6.143) 
A broadened Doppler spectral width will cause VFV to be 
higher than defined by Eqn. 6.143, as follows: 
(for a wide Doppler PSD) (6.144) 
203 
The percentage increase in Vpv can be derived using the data 
presented in the graph of Fig. 6. 24. In practice, the 
Doppler broadening ratio [~ = 6fo/fo] ranges between 0.3 to 
o. 6, which according to Fig. 6. 24 cons ti tues a ratio of 
f z/fo of below 1. 05, so that the assumption that f z = f 0 
(defined by f rn in this section) can be made. Eqn. 6 .143 
therefore holds with minimal error. 
6.8.10.2 Reguirements 
The following four requirements must be satisfied by a well 
designed F-V conerter circuit so that the Doppler signal is 
suitably processed. 
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(i) High F-V linearity oyer entire Doppler frequency range. 
For all values of v~0 up to a maximum of 5m/s, the output 
voltage [V~] must be linearly related to the input 
frequency [fIN] with a linearity error < say 0.5%. 
(ii) Calibration Facility '., 
In practice, the Doppler constant [ ko] can vary at most 
between 160 (defined as k0(min)) to 430 (defined.as ko(max)) 
' depending on the type of pipe-line, the value of P{bed} and 
other factors that influence the Doppler equation. This 
implies that for identical maximum bed-load velocities equal 
to 5m/s (as specified in the requirements of Chapter 3), the 
maximum 'Doppler frequency [fo(max)] can range between 800Hz 
to 2150Hz, depending on the value of ko for the system. 
204 
A calibration trimmer potentiometer [RT2] is provided to 
ad just the relationship between the input frequency [ f IN] 
and V~ of the F-V converter. RT2 is adjusted so that the 
output voltage equals the maximum value of VFv (defined by 
vMAX and equa 1 to 1 ov) when vBED equa 1 s Sm/ s , for any 
particular value of ~ so that Eqn. 6.113 is satisified: 
(iii) Fast Response Time 
The response time [1~], 
stabilize at a new voltage 
to 8s according to the 
Section 3.7. 
(6.113) 
or the time it takes VFV to 
must be adjustable between O. 2s 
specification of Chapter 3, 
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(iv) Low ripple 
The ripple on V~ is measured in terms of a maximum peak to 
peak voltage over the entire input frequency range. The 
ripple on V~ should be minimized as it could be 
misinterpreted as a fluctuating bed-load velocity. 
:: ., 
6.8.10.3 Circuit Design 
To satisfy the above four requirements, the following 
circuit design is implemented and discussed as follows in 
the same order in which the requirements are discussed. 
(i) High linearity 
The typical linearity error of the LM2907 is specified as 
o. 3%. The linearity is dependant on the resistance Rz. 
When Rz exceeds 50kn, then the linearity error < 0.5% over a 
temperature range from -35°C to 85°C. 
Rz is the sum of a fixed resistance (R39) and a variable 
resistance (RT2) as follows: 
Rz = R39 + RT2 (6.145) 
where RT2 is a trimmer potentiometer with a resistance that 
ranges between on to the value of RT2. The minimum value of 
the combination of RT2 and R39 equals R39 when RT2 = on. 
R39 has a chosen value of 56kn to satisfy the requirement of 
exceeding 50kn. 
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(ii) Calibration Facility for different Doppler constants 
The relationship between fIN and VFV is given as follows 
(from Eqn. 6.143 with fIN = f 0 ): 
(6.146) 
where kpv is the F-V constant. ~ 'I 
The value of the F-V constant is specified in the National 
Data Book (Ref. 29, p9-140) as being equal to t~e following 
I 
expression: 
(6.147) 
where Vee is the 12V DC supply voltage. krv has a minimum 
value [defined by krv(min)] when Rz is a minimum value equal 
to the value of R39. krv has a maximum value [d~fined by 
kpv(max)] when Rz is a .maximum value equal to the value of 
R39+RT2. The following two equations describe the 
relationship between krv(min) and krv(max) and the component 
values: 
krv(min) = Vcc·C33·R39 (6.148) 
krv(max) = Vcc·C33·(R39+RT2) (6.149) 
From the Doppler equation (Eqn. 5.10), f 0 = ko•VBED' where v 
is written as vBID to signify that the particle velocity is 
the bed-load particle velocity in this case. Substitute 
this into Eqn. 6.143 to get: 
(6.150) 
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constants may be determined from the calibration procedure 
discussed in Section 7.2. 
The values for C33 can be chosen using Eqn. 6.153 with 
R39 = 56K: 
k~(min) = Vcc•C33•R39 (6.153) 
', 
0.00465 = 12V•C33•56K 
Solve for C33: 
C33=6n9 
Let C33 = 6n8 since this value capacitor is readily 
available. 
Eqn. 6.154: 
Now, to calculate the value of RT2, use 
k~(max) = Vcc•C33•(R39+RT2) (6.154) 
0~0125 = 12V•6n8•(56K+RT2) 
Solve for RT2: 
RT2=97K 
A lOOkn 20 turn potentiometer is ~hosen for RT2. 
The calibration technique described above was validated to 
operate correctly in practice by measuring the output 
voltage of the F-V converter for a range of input 
frequencies with different settings for RT2. 
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(iii) Fast Response Time and Low Ripple Voltage 
The size of C34 is dependant only on the amount of ripple 
voltage allowable and the required response time. Its 
choice is therefore a compromise decision between these two 
effects. The maximum response time of the F-V converter 
[1~] is expressed by (RT2 + R39)·C34 and occurs when RT2 is 
a maximum of lOOK. To ensure that the response time is less 
then 0.2 seconds (as specified by the requirement of 
Section 6. 8 .10. 2 (iii)) for all settings of RT2, we set 
1~ = 0.2s and solve for C34 to get C34 = 1.28uF •. Chose C34 
' 
to be luF with 1~ = 0.16s 
An expression for the ripple voltage [VRrPJ of Vpv is 
expressed by Eqn. 6.155 with Vee= 12V [Ref. 29, p9-140]: 
VRIP = 6•C33/C34 • (1-fIN/fMAx) pk-pk (6.155) 
where fIN is the input Doppler frequency and fMAx = 785 to 
2188Hz, depending on the desired calibration setting ie. 
potentiometer RT2. The ripple voltage is a maximum when 
frN = OHz. From Eqn. 6 .155, VRIP is a maximum of 40. smv pp at 
fIN = OHz with C33 and C34 as chosen. 
From Eqns. 6 .146 and 6 .14 7 with f IN = fMAx so that 
v~ = VMAx = lOV, fMAx is expressed as follows: 
fMAx = 10/(12•C33•Rz) (6.156) 
An expression for VRrp/V~ can be derived, in terms of frN by 
dividing Eqn. 6.155 by Eqn. 6.146 after Eqn. 6.147 has been 
substituted into Eqn. 6 .146. Now use Eqn. 6 .156 to solve 
for Rz and substitute this into the expression for Vpv to 
get: 
(6.157) 
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The ratio fMAx/frN equals_ 5/vBED from Eqn. 6 .151 above so that 
Eqn. 6.157 can be rewritten as: 
(6.158) 
This ripple voltage is inversely proportional to vBED and 
C34. Eqn. 6.158 is solved for C33 = 6n8 and C34 = luF (as 
above) for vBED ranging between o to o. 5m/s and plotted in 
Fig. 6. 3 7. The graph label led no. 1 is the relevant graph 
for this section. 
Ripple Voltage Error [%] vs. Vbed [m/sl 
without LPF and with LPF ('L =0.2s) 
g 
g 
w 
Q) 
O'\ . 
.8 
~ 81-+~~-+-~~--+--"-"'~~-+-~~-t-~~--i 
Q) 
~ 4~t--~-+-~~-+~~---i~~~+--==---d 
oL-~-==~ ...... ----i.~~~..1....~~-..1...~~---l 
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Bed-load Velocity (Ybed) Cm/sJ 
Fig. 6.37 Rip_ple voltage Error as a function of bed-load 
velocity without and with a LPF 
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From Fig. 6.37 the ripple voltage error has a value of 10% 
when vBED = O. 2m/s for the component values chosen and with 
RT2 = lOOK. This error can be considerably reduced by using 
a longer system response time. The response time settings 
and their effect on the ripple voltage is discussed in the 
following section. 
~ ., 
6.8.11 Response Time 
6.8.11.1 Introduction 
The response time of the UDBV system is is the time it takes 
for the output (output current) to stabilize at a new value 
for a unit step change in the input bed-load velocity. The 
minimum response time of the system is set to 0.2s by the 
F-V converter. The response time can be increased with an 
adjustable "Response Time" rotary switch (see Section 6.8.2 
block no. 20) setting on the UDBVs front panel. The 
position of the rotary switch sets the response time to 
either its minimum of o. 2s or O. 5s, ls, 2s, 4s or 8s by 
switching one of the low pass RC filters from the bank of 
six filters (block no. 21). The time constants [1) of the 
filters are equal to the response times .above. The response 
time is set so that a compromise between system accuracy and 
system response time can be achieved. Increasing the system 
response time (defined by 1), has the following effects: 
(i) Accuracy in determining fn is increased 
(ii) Ripple voltage is reduced 
(iii) Response time is slower. 
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6.8.11.2 Response Time. Accuracy and Ripple Voltage 
The analysis of the effect of 
accuracy in 
Section 6.5.5.2. 
determining f 0 
The graph of 
the response time on the 
is carried out in 
Fig. 6. 25 demonstrates the 
decrease in error [€] (which corresponds to an increase in 
accuracy) in determing the mean Doppler frequency [ fo] for 
larger response times. '., 
The effect of the low pass response time filters is to 
considerably reduce the ripple voltage present at the output 
. 
of the F-V converter so that the ripple voltage error can be 
ignored. The DC voltage out of the F-V converter [Vpv] is 
unaffected. The effect on the ripple voltage error ratio 
[VRrp/VpvJ follows. For example, from Fig. 6.37, without 
response-time filtering the ripple voltage error is 20% when 
VBED = 0. lm/s. 
The reduction of this ripple voltage error can be calculated 
from the amplitude transfer function of the particular 
filter chosen from the filter bank of low-pass filters. If 
for example the. filter with the lowest response time is 
chosen ie. r = 0.2s, then this will have the least effect on 
the ripple voltage error. The amplitude transfer function 
for the low pass RC filter is given as: 
Vi (6.159) 
where VLPF is the peak to peak amplitude. of the output 
voltage of the response time filter, Vi is the peak to peak 
amplitude of the input voltage which in this case equals 
the ripple voltage [VRrPJ from the F-V converter (as defined 
by Eqn. 6 .157 as a ratio of VFV). The frequency of Vi is 
defined by f and equals the frequency of the ripple voltage, 
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which is the frequency Qf the input Doppler frequency to the 
F-V converter ( f IN]. 
The ratio VLpp/V~ is calculated by substituting Eqn. 6.157 
into Eqn. 6.159 as follows: 
VLPy/V~ = 3. C33/5. C34 ( fHjx/frN - 1) }(27rfn1) +11 (6.160) 
This ratio is calculated for the worst case when 
fMAx = 2188Hz and 1 is the minimum value of 0.2s. The ratio 
' is calculated in terms of vBED by substituting fMAx·VsEo/5 into 
frN from Eqn. 6.151. Fig. 6.37 is a graph of the original 
ripple voltage error ratio [Vnp/V~] and the filtered ripple 
voltage error ratio (VLPy/V~] on the same set of axix as a 
function of vBED· At vBED = o. lm/s, VRrp/Vyv = 20% but at the 
same bed-load velocity, VLpy/Vyv = o. 36%, which is a 
substantial reduction. The effective ripple voltage error 
can therefore be ignored for all practical bed-load 
velocities ( >O.lm/s say). 
6.8.12 Maximum Velocity Scaling 
6.8.12.1 Introduction 
The output of the UDBV is either in the form of a O to 20mA 
or a 4 to 20mA output current. Assume for. the time being 
that the range is o to 20mA. In the practical situation 
when the UDBV is to be used as a control sensor, the output 
current is usually converted to a voltage and digitized to 
be read by a computer. Maximum resolution of the digital 
conversion can be achieved by ensuring that the output fills 
the entire span of o to 20mA. Since the maximum bed-load 
velocity may be considerably lower than the specified 
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maximum of 5m/s, a faciJity for adjusting the maximum bed-
load velocity range must be provided. This is necessary so 
that the O to 20mA range corresponds closely to the full 
range of bed-load velocities measured in a particular 
application. 
6.8.12.2 Circuit Design 
', 
The DC output voltage from the F-V converter will satisfy 
the relationship of Eqn. 6.113 ie: 
where Vpv ~ lOV so that vBED ~ 5m/s 
(6.113) 
After being passed through a buffer and low pass filter for 
response time adjustment, the DC output voltage is still 
defined by Vpv· This voltage is then scaled (block no. 24) 
so that its range will lie between O to lV depending on the 
"Maximum Velocity" rotary switch (block. no. 2 3) setting. 
This scaled voltage is defined by Vv1, signifying that it is 
an input voltage to the voltage-to-current converter module 
(block no. 25) 
The "Maximum Velocity" rotary switch [vMAx] may be set to one 
of six settings: o.sm/s, lm/s, 2m/s, 3m/s, 4m/s and 5m/s. 
From Eqn. 6.113 above, it is clear that Vpv = lV when 
vBED = o. 5m/s. When vMAX is set to the o. 5m/s position then 
no scaling is required. When vMAX is set to the lm/s setting 
then Vpv must be scaled so that it is 1 v when vBED = lm/s. 
Similarly, when the vMAX setting is adjusted to 2, 3, 4 and 
5m/s respectively, then VFV must be scaled accordingly so 
that its voltage is lV. 
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There are five scaling Qonstants [ks] each corresponding to 
the vMAX rotary switch setting. The scaling constant is 
related to vMAX according to Eqn. 6.114. 
ks = l/2VMAX (6.114) 
When vMAX is set to o. 5m/s then ks = 1 and no scaling is 
required as discussed above. When, for example, vMAX: ,is set 
to 4m/s then ks = 1/8. The output voltage from the scaling 
module [Vvr] can be expressed as follows: 
(6.161) 
With ks chosen according to Eqn. 6.114, Vvr of Eqn. 6.161 
will range between O to lV for all bed-load velocities 
(between O to 5m/s) as required. 
Ths scaling is realized with a bank of potential dividers 
(R60-R64 and R70) set according to Eqn. 6 .114. Trimmer 
potentiometers (RT5-RT10) are included in each potential 
divider to provide approximately 30% scaling range 
adjustment to allow for deviations in the potential divider 
resistor values. 
6.8.13 Voltage to Current Conversion (block no. 25) 
6.8.13.1 Introduction 
Since the UDBV is to be used as a control sensor in a 
feedback control loop usually on a mining plant, the output 
signal from the system (voltage or current) must be such so 
that it can be remotely sensed away from the instrument. An 
output in the form of a current is provided by the 
instrument which can then be sent along a shielded twisted 
pair of wires to be converted to a voltage at the remote 
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sensing destination. _ An output current rather than an 
output voltage is desirable for the following four reasons: 
( i) noise is less likely to be picked up with current 
sensing 
(ii) voltage drops (voltage divider effect) does not exist 
with current sensing 
(iii) the voltage can be 'programmed' 
location · by measuring the voltage 
fixed resistor. 
at the sensing 
acros$ any small 
I 
(iv) an output current is an industry standard technique so 
that the instrument will be compatible with data 
logging devices etc. 
6.8.13.2 Reguirements 
The following four requirements must be satisfied by the V-l 
converter: 
(i) The voltage from Vmax scaling module must be linearly 
converted to a current source of between o to 20mA 
(lout]. 
( i1) An adjustable current off set [los) must be provided. 
lout equals los when the input voltage is zero 
(usually set to 4mA). The purpose of los is to 
indicate that the UDBV is on and operational when the 
current output is being remotely sensed (by, for 
example, a computer) . Also, it prevents the output 
from being negative which could more likely occur if 
los=O and perhaps cause a malfunction in the remote 
sensing computers. 
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(iii) Voltage output sensing by means of a resistor must 
provide up to av ( ie the V-I converter must provide 
20mA into a load of up to 4000). 
(iv) Current sensing must be referred to ground 
6.8.13.3 Circuit Design r: ., 
The voltage from the scaling module will be between o to lV 
depending on vBED and vMAX and can be defined b~ Vvr, 
voltage into the V-I converter as discussed 
the 
in 
Section 6.8.12 above. The output current of the V-I 
converter [I out] must satisfy Eqn. 6 .116 to fulfill 
requirements one and two above. 
Iout = Vvr/50 + Ios (6.116) 
with Ios adjustable between O to say 6mA 
To satisfy the four requirements listed above, a circuit was 
designed (see Appendix C) consisting of an op-amp 
(IC13,LF1~1H) configured in the inverting mode driving a PNP 
transistor (Q5,2N2907) to provide the current gain. The 
input voltage [Vvr] enters the inverting input. An offset 
voltage [V+] obtained from a potential divider with RT3 
providing an adjustable small voltage variation, enters the 
non-inverting input. 
The circuit configured provides an output current [I out] 
expressed as follows: 
Iout = Vvr/R48 + ( 6-v+) /R48 ( 6 .162) 
The offset current [Ios] is defined by (6-V+)/R48. For the 
case with Ios=OmA, v+ is set to 6V from a potential divider. 
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Since the setting of v+_ is critical, the potential divider 
and the op-amp are powered from the same voltage regulator 
which is placed physically close to both the potential 
divider and the op-amp circuitry to reduce the effects of 
noise. R48 is chosen to be as close to son as possible so 
that I out = 20mA when Vvr = 1 v. 
In order that Ios is set to 4mA, the voltage, v+ must, be set 
equal to 5. 8mV. The setting of v+ is by means of a 
potentiometer, RT3. 
6.8.14 Bed-load Particle Condition Indicator 
6.8.14.1 Reguirements and Description 
218 
To indicate whether a Doppler-shift signal is being 
detected, a Doppler Signal LED indicator (or Bed Condition 
Indicator) is provided. When the LED is on it means either 
noise is being picked up and being demodulated or else a 
Doppler shift signal has been demodulated due to the bed-
load particle velocity. 
This LED indicator therefore serves two purposes: 
(i) Provides information used for set-up of Doppler gain 
The Doppler gain setting (potentiometer RTl) is important 
and must be correctly set. If it is set too low then the 
demodulated Doppler signal cannot be processed to be 
converted to an output current. If however, the Doppler 
gain setting is set too high then demodulated noise will be 
processed to falsely indicate the bed-load velocity. 
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• • 
The Doppler gain settiug comprises a part of the set-up 
procedure and is discussed in detail in Chapter 7, 
Section 7.2. 
(ii) Provides information about the bed-load velocity s~atus 
If the Doppler gain is correctly set then the LED must 
indicate whether the bed-load velocity is stationary, 
approaching incipient deposition or is moving. 
Three seperate 'states' of this indicator are possible: on, 
off or flashing. When the bed-load velocity is moving then 
the LED must indicate movement by turning on. When the bed-
load settles and is stationary then the LED must turn off • 
• 
When the bed-load is either on the verge of settling or is 
moving slowly then the LED must flash. The flashing rate 
also gives a visual indication of the bed-load condition at 
low velocities. If the flashing rate is steady and 
continuous then the bed is moving slowly but steadily and no 
deposition is occuring: slower flashing corresponding to 
lower bed-load velocities and vica versa . 
When the LED flashes sporadically then the time that the LED 
is_ off indicates slurry particles are stationary within the 
ultrasonic insonif ied volume above the transducer and the 
time that the LED is on (or flashing) indicates that bed-
load particles are in motion above the transducer. This 
condition will exist when the bed-load is begining to settle 
or else when 'dunes' are present within the bed-load and are 
creeping along the bed. A dune moves by particles on the 
top of the dune 'peeling off' the dune structure. The 
particles on the bottom of the dune will be stationary and 
indicated by the LED being off. Once the top of the dune 
has been peeled off and eventually moves past above the 
219 
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transducer then this will be indicated by either flashing of 
the LED (if moving slowly), or a continuously on LED (for 
quicker moving dunes). 
If the flashing rate decreases then it indicates that the 
bed-load is probablly beginning to settle. . Once off then 
the bed-load has settled. 
'., 
6.8.14.2 Cicuit Design 
I 
The circuit to satisfy the above requirements are 
implemented with circuit modules consisting of a level 
shifter (block no. 12), a monostable (13), a delay (14), a 
nand-gate pair (15) and a LED driver (16). Each block and 
their funcions and operation are discussed seperately as 
follows. 
In brief, the operation of this circuit is as follows: the 
presence of a Doppler signal (detected from the output of 
the comparator stage so that the Doppler signal will be a 
square wave with its fundamental frequency equal to fo) will 
cause a monostable to trigger. The monostable, after 
passing through another module, a delay stage, to reduce the 
effect of detecting noise, drives the "Bed-load condition" 
LED indicator. If fo > 1/(tM-to), where tM is the pulse 
width of the monostable and t 0 is the delay time of the 
delay module, then the LED will be continuously on. If fo 
is zero then the LED will be continuously off since the 
monostable is not triggered. 
If o < fo < 1/(tM-to), then the LED indicator will flash at 
a frequency of 1/f0, indicating that the bed-load velocity 
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is causing low Doppler trequencies to be detected, implying 
that the bed-load is on the verge of deposition. The 
flashing rate is decribed above in Section 6.8.14.1. 
(i) Level shifter (12) 
A level shifter forms the 
(12,13,14,15 and 16) to 
Condition) Indicator LED. 
first module of a set of jmodules 
drive the Doppler Signal (Bed-
The level shifter shifts the DC 
voltage levels from the preceeding comparator ~tage (block 
' 
no. 11) from -12V,+12 to OV,12V so that the voltage levels 
are compatible for driving the monostable stage. 
(ii) Monostable (13) 
221 
The Doppler frequency [f0], after passing through the 
comparator module (block no. 11) and the level shifter 
(block no. 12) will be a square wave between o to 12V with 
its fundamental frequency equal to f 0. This square wave is 
input to the monostable. The monostable will produce a 
pulse of width tm when the input voltage is a transition 
from low ( OV) to high ( 12V). If the input receives a 
transition voltage from low to high at a rate exceeding 1/tM 
per second (ie for fo ~ 1/tM) then the output of the 
monostable will be continuously high, indicating a Doppler 
signal of fo ~ 1/tM is being detected. If however f 0 < 1/tM 
then the output of the monostable will not be continuously 
high but will be a string of pulses occuring every tM second 
with a width of tH. The pulse width, tH is chosen to be 
22ms. 
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(iii) Delay (14) 
A delay stage of t 0 seconds follows the monostable stage. 
All signals that are present at the output of the monostable 
which are high ( 12V DC) for a duration that exceeds tM in 
duration are delayed by t 0. The value of t 0 is 4. ams. 
However, if a signal is present at the output of the 
monostable which is not high for a duration that exc~~ds tm, 
then this delay module output will remain low. In this way 
most noise signals that are present at the output of the 
monostable are eliminated. For example, if a Doppler signal 
I 
causes the monostable to trigger then the output pulse of 
the monostable will be high for 22mS. The delay will reduce 
this width by 4.SmS from 22mS to 22-4.8=17.2mS ie the output 
( 
will be continuously high for fo > 1/17.2mS > 58Hz. 
However, if a noise spike is present at the output of the 
monostable and the spike width < 4.8mS, or the spike 
amplitude < 12V, then the output of the delay will remain 
low, preventing the noise signal from being detected by the 
proceeding module (no. 15) 
(iv) Nand-Schmitt Trigger pair (15) 
The pair of Nand-gate triggers following the delay stage 
'cleans-up' the transition voltage from low to high of the 
delay stage. The voltage at the output of the delay stage 
will climb from a low ( OV DC) to a high ( 12V DC) in the 
delay time of 4. ams. The output of the monostable and the 
output of the delay are 'Nanded' together so that the output 
of the Nand-gate is resting high until the output of the 
delay exceeds the positive-going threshold voltage of the 
Nand-gate (~7V) at which point the output of the Nand-gate 
will trigger low. The voltage 'climbing' effect of the 
delay stage is illiminated in this way. The second Nand-
gate acts as a voltage inverter. 
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If the Doppler gain stage is set correctly then the output 
of the Nand-gate pair will be continously high for Doppler 
frequencies of fo > 58Hz. For Doppler signals where 
f~ < 58Hz, the output of the Nand-gate pair will be a string 
of pulses occuring at a rate of 1/fo a second, with a pulse 
width of 17.2mS. 
'., 
(v) LED Driver and "Bed Condition" LED 
A transistor current amplifier following the Nand-gate stage 
' provides the 20mA drive requirement for the "Bed Condition" 
LED. 
For Doppler signals satisfying f 0 > 58Hz, the "Bed 
Condition" LED will be continuously on indicating a moving 
bed. The bed-load velocity [vBED] corresponding to these 
Doppler frequencies depends on the Doppler constant [ko]. 
For the two possible extreme cases of ko = 160 and 430 
respectively, vBED must exceed O. 36m/s and o .13m/s 
respectively for the LED t  be continuously on. When vBED is 
below these values then the LED will flash at a rate of 1/fo 
and indicate the bed-load conditions as described above in 
Section 6. 8 .14 .1. When vBED = o then the LED will be off. 
Un
ive
rsi
ty 
of 
Ca
pe
 T
ow
n 
6.9 CROSS-CORRELATION TECHNIOUE OF MEASURING BED-LOAD 
VELOCITIES 
6.9.1 Introduction 
224 
The motivation for employing the cross-correlation technique 
is discussed. The description of the implemetation in terms 
of the hardware interface circuitry is presented. The 
description of the software is described in detail by 
Elliott [Ref. 13]. The application of the cross-correlator 
' ' 
is explained. In Chapter 7, the method of calibrating the 
UDBV is detailed and presented graphically. 
6.9.2 Motivation for Employing a Cross-Correlation Technique 
If all the system parameters are known then the demodulated 
Doppler frequency can be related to the bed-load particle 
velocity. If the operating frequency [fT], the ultrasonic 
velocity in the transmission path [ c] and the orientation 
angles of the Tx. and Rx. (0T and 0R) are known, then the 
Doppler equation relates the peak Doppler frequency to the 
detectable (bed-load) particle velocity. However, in 
Section 5.3.2, and in detail in Section 6.7, details of the 
limitations of directly applying the Doppler equation for 
predicting the bed-load velocity from the mean Doppler 
frequency is discussed. 
Specifically, the probability term [P{bed}] of Section 6.7.9 
influences the relationship between the Doppler frequency 
and the bed-load velocity. Expressions have been derived to 
determine the value of P{bed}, however it can not be 
determined accurately with certainty, which implies that the 
Doppler frequency cannot simply be related to the bed-load 
particle velocity. For this reason and for the reason of 
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validating the correct _operation of the Velocimeter under 
various flow conditions, an alternative method of measuring 
bed-load particle velocities was developed which was 
independant of all unknown variable parameters such as the 
slurry particle backscattering strength etc. 
6.9.3 Description 
-: ., 
This alternative method of measuring the bed-load velocity 
is based on a Cross-Correlation principle. This principle 
' is employed because it is a technique which will yield the 
bed-load velocity without any need for calibration. 
Two sensors, one placed a known, short distance upstream of 
the other, measure some property of the particle flow at the 
bed. This may be its temperature, absorption of ultrasonic 
energy, its local concentration or density or its electrical 
conductivity etc. This system ~easures the conductivity. 
If the two sensors are placed a short enough, known distance 
apart, then one would expect the signal appearing at the 
downstream sensor to be simply a delayed replica of the 
upstream signal. A cross-correlator is used to compare the 
two signals and to give an indication of the match for a 
range of time delays. The period of time by which the 
upstream signal must be delayed to achieve the best match, 
is the time taken for the signal to travel from the upstream 
to the downstream sensor. 
Since the signal is the result of local turbalences in the 
bed-load particles while they are in motion, one will expect 
this time delay to be the time taken for the bed to travel 
the distance between the sensors. As this distance is known 
it is possible to compute the bed-load velocity using the 
time delay measured by the cross-correlator. 
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A dedicated cross-correlator was developed on a Spectrum 
microcomputer with a ZSO CPU. The cross-correlator 
algorithm, written in ZSO machine code was implemented on 
the microprocessor. Croos-correlation graphs could. be 
calculated and then displayed on the monitor. The graphs 
presented the cross-correlation function as a function of 
the time delay. The time delay at which the two signals 
most closely resemble each other, is represented by, ,a peak 
on the graph. The option existed within the software for 
either manual or automatic operation. With manual 
operation, a user could observe the graph to de.termine the 
' 
226 
validity and position of the peak. With automatic 
operation, algorithms would decide on whether the peak is 
valid or not. If not then either the sample correlation 
length of the signals would be automatically adjusted using 
existing data from the two sensors or else new data would be 
read from the sensors to determine a new cross-correlation 
function. If however the peak is valid and satisifies 
validity criteria, then the location of the peak is 
determined in terms of the delay time, which is then divided 
by the known sensor spacing to provide an indication of the 
bed-load velocity. 
For further details of the cross-correlation technique see 
S.Elliot's BSc. Thesis [Ref. 13]. The interface electronic 
hardware between the conductivity sensor and the 
microprocessor of the cross-correlator described by Elliott 
differs from the hardware developed for this thesis. The 
hardware consists primarily of three stages to convert the 
sensor signal into a string of 1 bit data compatibile with 
the microprocessor. Briefly it consists of a high 
impedance, low noise buffer, followed by an adjustable gain 
pre-amp with six discrete gain settings, a variable low pass 
filter with six discrete cut off frequencies and a 
comparator stage with an adjustable threshold to convert the 
signal to a 1 bit string of data being either low (OV DC) or 
high (+5V DC). (See Fig. 6.38 for a block diagram) 
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The hardware is straigh~ forward and the circuit diagrams 
are in Appendix E. The pre-amp gain, cut off frequency of 
the low pass filter and the comparator threshold voltage 
were all adjusted to provide optimum performance by 
maximising the wanted correlated peak and minimizing the 
correlation peaks due to noise. 
Typical cross-correlation graphs are presented in Chapter 7. 
6.9.4 Calibration of the UDBV Using the Cross-Correlator 
228 
As discussed above, the purpose of the Cross-correlator is 
to provide a means of calibrating the UDBV. The UDBV 
provides an output current [lout] in the range O (or 4) to 
20mA corresponding to the range of bed-load velocities 
detected. If the UDBV is calibrated correctly then the 
maximum output current of 20mA must corresponds to a bed-
load velocity equal to the "maximum velocity" setting. In 
Chapter 7, bed-load particle velocity readings are taken 
with both the UDBV and with the cross-correlator. These 
readings are then used to adjust the UDBV by means of the 
calibration setting [RT2, see Section 7.3.3]. 
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_ CHAPTER 7 
RESULTS, CALIBRATION AND DISCUSSION 
7.1 INTRODUCTION 
Three test-rigs were utilised to test various aspect7, of the 
operation of the Velocimeter. A simulation test-rig was 
constructed to test the linearity between the output current 
of the Velocimeter and a detectable sand particle velocity. 
This simulation test-rig also verified characteristics of 
the Doppler spectral shapes. 
A hydraulic test-loop in the Hydro-Transport Research of the 
Civil Engineering Department was used to perform calibration 
tests on the Velocimeter using the cross-correlation 
technique for a range of flow regimes. Two industrial tests 
were also carried out. These tests were performed at 
Rossing Uranium, Namibia and at the East Rand Gold and 
Uranium Mine (ERGO) in the Transvaal. 
7.2 SIMULATION TEST RIG-ROTATING DISC 
7.2.1 Test-Rig Description and Objective 
A simulation of a moving bed load travelling at a fixed, 
known velocity was created using a simulation test rig as 
shown in Fig. 7 .1. The simulation consisted of a 330mm 
diameter PVC disc driven by a variable speed D.C. motor. 
The lower quarter of the disc was submerged in a perspex 
tank of water. The rim of the disc was coated in sand to 
model the bed-load and to act as a good reflector of the 
ultrasonic beam. The velocity of the disc could be varied 
from 0.45m/s to 1.42m/s and could be accurately determined. 
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The transducer was bonded to the outside of the tank 
directly under the lowest point of the disc with a layer of 
silicone sealant acting as an ultrasonic bond. 
' 
TRANSMITTING 
' 
' 
PZT CRYSTAL ------""" 
RECEIVING 
PZT CRYSTAL 
------
SAND COATED 
ROTATING DISC 
WATER FILLED 
TANK 
-------TRANSDUCER 
MOUNTING 
Fig. 7.1 Simulation test-rig: rotating disc 
The objective of this simulation test rig is to investigate 
the linearity of the Velocimeter and to investigate the 
Doppler spectral shapes. 
7.2.2 Test-Rig Results 
(i) Doppler Frequency Spectrum 
230 
The demodulated Doppler shift frequencies are plotted in 
Figs. 7.2(i) to 7.2 (vi) for various disc velocities. The 
span of the spectrums extend from DC to 2kHz. The peak of 
the spectrum is the point marked with a (x) and is assumed 
to also be the mean Doppler frequency [f0]. 
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( i ) 
X: 465 Hz 
1000 
f'REO\JENCY (Hz) 
f 0 = 255Hz 
v 0 = 0.45m/s 
1000 
.FREQUENCY <Hzl 
(iii) f 0 = 465Hz 
v 0 = o. 7lm/s 
x: 830 )i:z 
1000 
FREOUENCY <Hzl 
( v) fo = 830Hz 
v 0 = 1. 22m/s 
2000 
2000 
2000 
1000 
FREQUENCY <Hzl 
(ii) fo = 325Hz 
v 0 =0.53m/s 
x, 685 Hz 
1000 
FREQUENCY <Hzl 
~ ., 
(iv) fo = 685Hz 
v 0 = l.02m/s 
X: 935 Hz 
1000 
FREQUENCY Oiz l 
(vi) fo = 935Hz 
v 0 = l.42m/s 
Fig. 7.2 Doppler spectrums for various disc velocities 
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2000 
2000 
2000 
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If the Doppler spectral shapes are imagined to be smoothed 
then the amplitude of the Doppler signal can be seen to be 
inversely related to the Doppler frequency as was presented 
in Section 6.7.2 (No DDRR Filter is present for these 
spectrums). 
~ ., 
At higher disc velocities as in Figs. 7.2 (v) and (vi), the 
spectra start exhibiting relatively large amplitude 
frequencies below the expected Doppler frequency. This is 
' 
due to bubbles occuring under the disc when the disc 
232 
velocity increases. These bubbles travel slower than the 
sand particles on the rim of the disc and so present lower 
frequency peaks due to their velocity. 
Also evident from Fig. 7.2 is that the 3dB Doppler spectral 
width [6f0] is linearly related to f 0 as proposed in 
Section 5.5.9, Eqn. 5.31. 
A table listing the disc velocities, the peak of the Doppler 
spectrum and the output current of the Velocimeter is 
tabulated in Table 7.1. The Velocimeter 'Maximum Velocity' 
range is set to 2m/s. The output current is in the range of 
o to 20mA with 20mA corresponding to 2m/s. 
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-Disc Velocity Peak Doppler Output Current 
Frequency 
{m/s} {Hz} {mA} 
o.oo 0 o.o 
0.45 255 4.5 
0.53 325 5.3 
0.71 465 7.2 
0.82 555 8.2 
1.02 685 10.1 
1.22 830 11.6 
1.42 935 13.0 
Table 7.1 Results from rotating disc simulation test-rig 
The peak Doppler amplitude frequency [ f 0] as a function of 
the disc velocity [Vo) is plotted in Fig. 7.3. 
Peak Doppler frequency (fo) lliz1 
vs. Disc Velocity [m/s1 
0.4 0.6 0.8 1.0 1.2 1.4 
Disc Velocity fm/sl 
1.6 
Fig. 7.3 Peak Doppler frequency as a function of vD 
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The graph is seen to be linear as expected. 
(ii) Voltage output 
Readings were taken from the output current [I out];, of the 
Velocimeter. This current is tabulated in Table 7.1 above 
and is presented on a graph in Fig. 7.4 as a function of the 
disc velocity. 
Velocimeter output current [m.AJ 
vs. Disc Velocity [m./sl 
0.2 0.4 0.6 0.8 1.0 1.2 1.4 
Disc VeJocity £m/sJ 
1.6 
Fig. 7.4 Velocimeter output current as a function of the 
disc velocity 
234 
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The graph of Fig. 7.~ is seen to be linear at disc 
velocities 
velocities 
below approximately lm/s. 
the graph losses linearity 
At higher disc 
because of the 
presence of the slower moving bubbles causing a spread of 
frequencies at low frequencies relative to f 0. According to 
Eqn. 5.32, a spectum containing frequency components below 
the frequency of the peak will cause the output of the F-V 
converter to read low. This effect is not expected to occur 
in the measurement of the bed-load velocity in a slurry 
filled pipeline as there are no slower moving bubbles 
present below the bed-load. 
7.2.3 Conclusions 
The simulation test rig provided useful information 
confirming various aspects of the operation of the 
Velocimeter: 
(i) Linearity between the detected particle velocity of a 
rotating disc (Vo] and the Peak Doppler Amplitude 
frequency [fo] is confirmed. 
(ii) Linearity between the Peak Doppler Amplitude frequency 
and the output current [I out] of the Velocimeter is 
confirmed. 
(iii) The Doppler amplitude proved to be related to the 
inverse of the demodulated Doppler frequency as 
presented in Section 6.7.2. 
(iv) The Doppler spectral width [of0] is shown to be 
related to the Doppler frequency [f0]. 
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(v) The output curren~ [lout] is related to the 'shape' of 
the Doppler spectrum. ie. when the shape was such that 
low frequency terms were present (the case with air 
bubbles), then lout was reduced. Eqn. 5.33 of 
Section 5. 6. 3 desribes the relationship between the 
output of the F-V converter for a particular Doppler 
spectrum. lout is directly related to the output of 
the F-V converter voltage. t ,, 
7.3 HYDRAULIC TEST LOOPS 
7.3.1 Test-Rig Description 
A 140mm diameter PVC and perspex section of pipeline 
containing a sand water slurry was also used for testing the 
Velocimeter. This pipeline is one of the test loops in the 
Hydrotransport Research of the Civil Engineering Department, 
U.C.T. 
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The sliding bed-load contained a transport volumetric 
concentration of about 50%. The slurry rate was controlled 
with a variable speed pump so that a flow regime could be 
achieved with the bed load remaining stationary and the 
suspended-load particles being in motion. The speed of the 
pump could be increased so that bed-load velocities in the 
range of Om/s to 3.Sm/s could be achieved. 
The pipeline has a transparent perspex viewing sections with 
mirrors placed underneath to aid with the inspection of the 
bed-load conditions. A flow regime could be set up with, 
for example, a stationary bed and suspended-load particle 
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motion, by visual inspection and corresponding adjustment of 
the pump rate. 
The transducer was attached to the bottom of a steel section 
of pipeline placed within the line. A flat rectangular 
section, slightly larger than the transducer front face 
(Epoxy Resin face) dimensions, was millied onto the pipe-
bottom. The pipe-wall thickness at this section was 
arranged to be 4mm. The transducer was atttached to the 
flat section by tapping it with a layer of silicone sealant 
acting as an ultrasonic bond. 
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The cross-correlator probes were inserted into the same 
pipeline in a perspex situated close to the ultrasonic 
transducer. The cross-correlation probe head was flush with 
the pipe soffit. A range of flow regimes were set up by 
adjusting the pump speed and allowing the flow regime to 
reach steady state conditions. This was done at each new· 
pump setting before data on the flow rate was read. A 
Khronhe Magnetic Flowmeter was used to indicate the mean 
mixture flow rate. To give a true indication of the mean 
flow rate, the Magnetic Flowmeter was attached to a vertical 
section of the pipeline. 
7.3.2 Dop_pler Gain Set-Up Procedure 
Before the UDBV can be used to indicate bed-load particle 
velocities with accuracy, the Doppler gain (expressed by Av 
in Section 6.8.9 and adjusted with RTl) must be adjusted. 
This gain setting effectively adjusts the comparator 
threshold voltage [~] as discussed in Sections 6.7.5, 
6.7.6, 6.7.7 and 6.8.9. The adjustement of Av affects AT 
according to Eqn. 6 .112. Recall that the setting of ~ is 
accomplished so that the probability of detecting suspended-
load particle velocities is low compared with the 
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probability of detecting _bed-load particle velocities. If 
it is set correctly then only the bed-load Doppler signals 
have an amplitude large enough to cause the comparator stage 
(block no. 11) to trigger, thereby converting the bed-load 
Doppler signal frequency into a square wave for further 
processing to be converted to an output current. 
The set-up procedure is as follows: , , 
( i) Adjust the mean flow velocity so that the incipient 
stationary bed-load condition exists. 
First, a flow condition is set up so that a stationary bed 
exists and suspended-load particles above the bed can be 
seen to be in motion. The flow rate is increased from zero 
until vM just approaches vM2 . In this regime, the bed-load 
layer will be stationary but on the verge of sliding. The 
bed-load height [hBEDJ will extend up to the height defined 
by H. Since the bed-load is stationary, no bed-load 
Doppler signals are detected. 
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This regime is suitable for set-up purposes for two reasons: 
(1) The bed-load is stationary while the suspended-load is 
moving. 
This regime is suitable since it provides a clear indication 
of whether the set-up is correct or not. If set-up is 
correct, then the Velocimeter should simply indicate a zero 
reading. 
(2) The bed-load height [h~oJ is equal to its minimum value 
and defined by H. 
The set-up procedure should be performed in the regime for 
which the bed-load layer has a minimum height [HJ since the 
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probability of falsely_ detecting suspended-load particle 
velocities [P{sus}] (see Section 6.7.8) will be a maximum 
(this is clear from the Penetration constant [kp], which is 
a function of H, which influences P{sus}). The bed-load 
layer has a minimum height [HJ defined for all flow regimes 
such that vM > vM2 . 
Correct operation when the bed-load layer is a ,r.ninimum 
height will therefore guarantee that the Velocimeter will 
operate correctly at lower mean velocities since the bed-
load height will then be greater and the backscattered power 
' from the suspended-load will be less (ie. kp will be less). 
(ii) The Doppler gain is.set to a minimum 
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The Doppler gain setting (potentiometer RTl) is turned fully 
anti-clockwise to its minimum value. The Doppler Signal LED 
(LD2) will now be extinguished since no Doppler signal has 
an amplitude large enough to cause the comparator stage 
(block no. 11) to trigger. 
(iii) Doppler Gain is increased 
The Doppler gain is now increased by turning RTl clock-wise 
until the Doppler Signal LED just begins to turn on, 
signifying the comparator is beginning to trigger. 
(iv) Doppler Gain is reduced slightly 
With the present gain setting, the Doppler signal due to the 
suspended-load particle motion directly above the bed-load 
is causing the comparator to trigger. However, since the 
bed is stationary, the gain should now be slightly reduced 
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until the comparator just ceases to trigger as indicated by 
the Doppler Signal LED turning off. The output of the 
comparator will now 'rest' 
negative trigger voltage ie. 
at either its positive or 
the frequency of the output 
will be zero, indicating a correct reading of a stationary 
bed-load. The Doppler ga~n is now correctly set up so that 
only bed-load motion will be detected. 
(v) Increas~ flow regime so that vM > vM2 and the bed is 
moving-
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If the flow condition is now slightly increased to cause the 
bed to creep slowly, then the mean Doppler signal amplitude 
will be slightly larger than for the previous flow 
condition. Theoretically this can be shown to be true by 
referring to Fig. 6.15 the graph of the Penetration constant 
[kp] vs. particle height. In this flow regime, the 
particles at h = o are moving as apposed to case of ( i) 
above where the moving particles are moving directly above 
the bed-load at h = H. The value of kp is a maximum of OdB 
in this case, indicating maximum Doppler power is received 
(with a corresponding maximum mean Doppler amplitude). This 
increase in the mean Doppler amplitude will now cause the 
comparator to trigger, so that the output of the comparator 
(which resembles the bed-load Doppler frequency only) can be 
converted to an output current indicating the bed-load 
velocity. 
In practice the above operation performed well, so that the 
UDBV after adjustment correctly indicated the presence of a 
moving or stationary bed-load. 
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7.3.3 Calibration Using Cross-Correlator 
The UDBV must be calibrated to relate the output current 
(!out) to the bed-load velocity [vsEDl according to the 
setting of vMAX, where !out must be 20mA when vBED = vMAX. 
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The motivation for employing the cross-correlation technique 
has been discussed in Section 6.9. Briefly, it prq~ides a 
method of calibrating the UDBV in situ. For a particular 
bed-load velocity determined by the cross-correlator, the 
UDBV calibration setting (potentiometer RT2) can.be adjusted 
so that VBED as determined from !out of the UDBV
1
corresponds 
to the actual vBED as determined form the cross-correlator. 
This process need only be performed for one reading since 
the UDBV provides an output linearly related to vBED. The 
zero readings when the bed-load just begins to settle can be 
used as another data point. The process of comparing the 
readings from the UDBV with the readings from the cross-
correlator is verified in practice for a range of bed-load 
velocities. 
In Figs. 7. 5 ( i) to (iv), four typical cross-correlation 
graphs illustrate the cross-correlation function plotted as 
a function of the delay time. The peak of the cross-
correlation function corresponds to the delay time for the 
bed-load particles to travel from the upstream to the 
downstream probes. The distance between the probed divided 
by this delay time provides an absolute accurate means of 
determining the bed-load particle velocity. 
In Figs. 7.5 (i) to (iv), the label on the graphs referred 
to as 'PEAK' indicates the position of the peak (p] of the 
cross-correlation graph in unit delay times (rD]· The bed-
load particle velocity [ vBED] can be determined by di vi ding 
the sensor spacing [dg] by the delay time corresponding to 
the position of the peak. The delay time is determined by 
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multiplying the position_ of the peak by the unit delay time, 
as follows: 
(7.1) 
In practice, the sensor spacing [ds] is 20mm and the unit 
delay time, set by the microprocessor algorithm is 535µs for 
the data illustrated, so that Eqn. 7.1 can be simplitied to: 
VBED = 37. 38/p (7.2) 
' The 'PEAK' position is determined automatically by a peak 
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searching algorithm. A manually controlled marker may also 
be used to validate the peak searching algorithm. This peak 
value (printed in brackets in the following graphs) 
sometimes differs slightly from the automatic prediction of 
the peak, especially if the cross-correlation function has a 
peak which resembles a plateau. This is the peak value used 
to evaluate Eqn. 7. 2 The height of the peak and of the 
second highest peak are also determined by algorithms, so 
that a peak may be validated according to its height. 
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2ND 
PEAi'<. AT . .,,...., ~·' i::::::·:i:i HEIGHT= 28 
H IGHE:ST = 0 
(i) vM = 2.22m/s 
Peak: 39 
VBED = 0. 96m/s 
PEAK RT: 24 
HEIGHT= 28 
2ND HIGHEST= 0 
(iii) vM = 2.74m/s 
Peak: 26 
VBED = 1. 44m/s 
2ND 
200 
F'EHK. AT -,...., (27) -=:. ( 
HEIGHT= ::::;e. 
HIGHE:ST = 11 
(ii) vM =; 2.59m/s 
Peak: 27 
VBED = 1. 38m/s 
PEAK RT: 15 
HEIGHT= 22 
HIGHE5T= 0 
c le· :i 
(iv) vM = 3. 36m/s 
Peak: 16 
VBED = 2. 34m/s 
Fig. 7.5 Three typical cross-correlation functions 
demonstrating the position of the peak for different flow 
rates. 
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7.3.4 Results to Verify Calibration Process 
Results from the cross-correlation technique and from the 
UDBV after calibration has been implemeted were obtained. 
The response time [ 1] setting of the UDBV was adjusted to 
its maximum of as to maximize the accuracy of determining 
the bed-load velocity. 
( ., 
A range of mean mixture velocities (vM] between Om/s to 
3.8m/s were obtainable with the flow rig as measured with a 
Mag-meter. Data of vBED from the Cross-correlat.or and from 
' 
the UDBV are tabulated in Appendix E. The readings from the 
UDBV are uncalibrated in the column labelled vBED· The 
readings in the column labelled vBED' are readings taken with 
the UDBV after calibration. These calibrated readings 
appear in Fig. 7.6 plotted as a function of the mean mixture 
velocity (vM]· The readings taken from the cross-correlator 
are also plotted for comparison with the UDBV readings. 
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Bed-load Velocity vs. Mean Mixture 
Velocity (X-Correl & UDBV) 
3.0r----.---~----.---.....-----... 
0.0 
1.8 2.2 2.6 3.0 3.4 
Mean Mixti.re Velocity (VM) [m/s] 
3.8 
• 
X-Correl 
)( 
UDBV 
Fig. 7.6 Test-loop bed-load particle velocities measured 
with the cross-correlator and with the calibrated UDBV 
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From the graph it is evident that the data obtained by each 
method resemble each other closely as expected. 
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7.4 INDUSTRIAL APPLICATIONS: ROSSING URANIUM AND ERGO 
The UDBV was tested in an industrial mining application at 
Rossing Uranium Mine, Namibia and at the East Rand Gold and 
Uranium Mine (ERGO), Transvaal. Fig. 7.7 shows Rossing 
Uranium Tailings in a s ection of a polyurethane lined steel 
pipeline. 
Fig. 7.7 Rossing Uranium Tailings material within a 
Polyurethane-lined steel pipeline 
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Three transducers wer e mounted onto a pipe-section at 
different locations a r ound the wall of the pipeline as in 
Fig. 7.8. Each transducer monitors the particle velocity at 
the wall of the pipeline at the location of the transducers. 
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Fig. 7.8 Placement of three transducers radially around a 
pipeline 
7.4.1 ERGO Tailings Line Description 
2 47 
The ERGO line on which the UDBV was tested, is a tailings 
line transporting disused Gold slimes to a tailings darn. 
The volumetric concentration of the slimes is approximately 
35%. The pipeline is steel with a flat section milled onto 
the bottom for attachment of the transducer. The transducer 
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was attached by tapping it im place with a layer of silicone 
sealant placed on the trans,:iucer resin face to acts as an 
ultrasonic transmission med::.::.. um between the transducer and 
the pipe-wall. The wall thickness at this location was 
arranged to be 4mm, the min-"mum acceptable dimension. The 
mean mixture flow rate [vM] ;:;;ould be adjusted by means of a 
diversion valve. The valure of vM was determined from a 
Magnetic-meter placed within the line. 
7.4.2 Calibration Test-Rig 
The calibration and the act:justment of the Doppler gain 
control were set up for the ERGO pipe-section as described 
above in Sections 7.3.2 and -.3.3. A rectangular window was 
cut in the bottom of the Hydrotransport Research 140mm 
diameter PVC pipeline. The ~RGO 350mm diameter test section 
was clamped around the 140mmn diameter pipeline. The bed-
load thus passed through the bottom of the ERGO test section 
at the window. 
The cross-correlator probes .in the 140mm test-loop could as 
before provide an al ternati \-\re method of measuring the bed-
load velocity independently of unknown system parameters. 
In this way the. 140mm diamec:..-r.er test-loop could be used to 
calibrate the ERGO pipe-sect~ion. The UDBV is calibrated for 
the /ERGO pipe-section which is then removed from the test-
rig to be used in the ERGO p:iant. 
7.4.3 Results-Bed-load Veloc~ity vs. Mean Mixture Velocity 
Output results taken from tt.he UDBV at the ERGO plant are 
plotted in Fig. 7.9 as a function of the mean mixture 
velocity. 
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Bed-load Velocity (UDBV) vs. Mean 
Mixture Velocity (Magmeter) 
0.8 
0.5 
0.2 
S.o 0.4 0.8 1.2 1.6 2.0 
Mean Mixtt.re Velocity (Vm) Cm/sJ 
2.4 
Fig. 7.9 Output of UDBV as a function of the mean mixture 
veloci ty taken at ERGO plant 
It is clear from Fig . 7. 9 that when vi! < 1. 2m/s then vBED is 
zero. The bed-load velocity reached a maximum value of 
0.8m/s when vi! was 2. 2m/s 
249 
Un
ive
rsi
ty 
of 
Ca
pe
 T
ow
n 
250 
7.5 CONCLUSIONS 
Three seperate types of experimental tests were perfo.rmed to 
validate various aspects of the operation of the UDBV. The 
first test, namely the simulation test consisting of a disc 
rotating at a fixed, known velocity, validated the linearity 
of the UDBV and confirmed the properties of the Doppler 
spectrum which are used in Chapter 6. ., 
The second set of tests, performed on the Hydrotransport 
Research hydraulic test-loops enabled the UDBV to be 
' 
calibrated in situ using a cross-correlator. 
The final set of results were obtained on actual waste 
(tailings) lines at ERGO and at Rossing Uranium mines. The 
results obtained from ERGO have been presented as a function 
of the mean mixture velocity of the tailings slurry. 
Results of this nature indicate that the UDBV may be used to 
provide information about the slurry bed-load velocity. It 
is envisaged that this type of information about the bed-
load velocity may be used as a novel and superior way of 
controlling high concentration slurry pipelines. 
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CHAPTER 8 
CONCLUSIONS 
1. An instrument, referred to as an Ultrasonic Doppler Bed-
load Velocimeter (UDBV) has been developed which 
successfully measures the velocity of those particles 
which constitute the bed-load adjacent to the pipe-wall 
in a solid-liquid slurry. 
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2. A cross-correlation technique was implemented to measure 
the bed-load velocity by accurately determining the time 
taken for a group of representative bed-load particles 
to travel between two sensors, one downstream of the 
other. 
3. Tests were carried out in the Laboratory in pipelines to 
calibrate the UDBV using the cross-correlation technique 
and to verify that design methods successfully ensured 
that only the velocity of bed-load particles was 
measured. 
4. A rotating test-rig was constructed to test the 
linearity of the UDBV and to confirm that the Doppler 
spectral width and amplitude are related to the mean 
Doppler frequency. 
5. Tests were carried out on full scale industrial 
pipelines (at Rossing Uranium and ERGO) to verify the 
operation under a harsh industrial environment. 
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6. The focusing effici~ncy has been defined in terms of: 
(i) the probability of detecting bed-load particle 
velocities relative to suspended-load particle 
velocities and 
(ii) the bed-load Doppler spectral broadening width 
~ .,. 
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7. The focusing efficiency is shown to be dependent on four 
system parameters: beamwidth, transmission path length, 
transmitter orientation angle and the bed.-load layer 
height. 
8. A Penetration constant [ kp] has been defined and 
evaluated to describe the ultrasonic backscattered beam 
power from a defined suspended-load layer of particles 
relative to the backscattered power from the bed-load 
particles. The value of kp depends on the focusing 
parameters and is used in the evaluation of the bed-load 
probability function (see 6{i) above). 
9. The Doppler spectral broadening effects are shown to 
influence the accuracy and response time of determining 
the mean bed-load Doppler frequency. The spectral 
broadening effects are analysed and minimized using a 
suitable focusing parameter choice. 
10. The focusing parameters have been optimized by suitable 
chosing parameters that will maximize the focusing 
efficiency. The optimum focusing parameters chosen for 
a lMHz, 5mm radius crystal are: Tx. orientation angle 
[Sr] equal to 30°, a transmission path length [d] equal 
to 20mm and a 17° beamwidth accomplished by using a 
resin transducer window. 
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11. The Doppler signal _was accurately described by taking 
factors into consideration that are not included in the 
description of the Doppler Equation as it appears in the 
literature. Once the Doppler signal was accurately 
described then techniques could be discussed and 
implemented to increase the probability of detecting 
bed-load Doppler signals. 
12. The electronic system 
I 
design included Doppler 
demodulation techniques, with synchronous demodulation 
being chosen as the best technique. 
13. Circuit techniques were implemented to increase the 
probability of detecting bed-load particle velocities 
accurately, such as a Doppler Dynamic Range Reduction 
[DDRR] filter, and an adjustable threshold voltage 
comparator circuit. 
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14. A "bed-load condition / Doppler signal indicator" 
circuit was designed and implemented which functioned to 
provide a visual indication of the Doppler signal which 
is used in setting-up the UDBV and for indicating the 
status of the bed-load velocity. 
15. The UDBV has been shown to operate successfully and 
should provide a new method for monitoring and 
controlling slurry pipeline operations. 
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APPENDIX A 
Research paper presented at the 
11th International Conference on the 
Hydraulic Transport of Solids in Pipes 
HYDROTRANSPORT 11 
Stratford-upon-Avon, U.K: 19-21 October 1988 
A.1 
"Development of an Ultrasonic Doppler Bed Load Velocimeter" 
M.D. Lazarus 
J.H. Lazarus 
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PAPERC4 
M. D. La?.arus 
Department of Electrical ~ineerin.t. Uni versi t:"' of Cape Tcwn, South Af'rica 
J.H. Lazarus 
Hvdrotransport HP.search Unit, De"!J!lrt.Jllent of Civil En~ineering. University of Ce.pe 
Town. South Africa. 
An l11 trasonic Doppler Velocimet.er I UDV > for measuriru?: the bed load veloci t'.\· of high 
concentration slurries is beillll developed for increasillll hydraulic efficiency by 
minimizin~ hr!ad loss .cra.dient. Head loss ~ra.dient ma;\' be minimized using an accurate 
indication of the bed load veloc:i ty. A further application of the inst:runent is as 
a control SP.nsor to provide feedback lo the s:vstem pt.111ps causirur them to speed up 
when the bed load particle \•eloc:i l'.\' becomes too low thereby preventing possible pipe 
blcicku~e. Trw1sporlirl.li! the material at or near the liait deposit velocity also 
Rubst.nntiall:v reduces the wear rate in s:vs~ transporting abrasive materials. An 
add1-<l ftmd ion of the instrunent is its application to the theoretical and analy-
tical sttrl:v of pipe blockagP.. 
The instrunent is based on the Ultrasonic Doppler shift technique and satisfies 
,-arious requirements, namely the measurement of bed load velocity Cllll.y, non-
intrusiveness, linear, accurate and repeatable readings, inclepewienoe of the 
properties of the transporting slurry, short response time, --reliable end low 
maintenance. The results of from two experimental test rigs, indicates tlmt the 
instrument appears to satisf:v the requirements. 
1. Introduction 
In high con<:Pritratinn slurries of the stabilised and dense phase tY]le a bed load 
invariabl:v exists. This bed load may even occupy the entire pipe cross section. 
The Led load may be stationary anci this could lead to pipe blockage. An instn.nent 
for measuring the bro load velocity of high concentration slurries is being 
deve lo~ for increasing hydraulic efficiency. Head loss gradient lllBY be ainiaised 
using an ~urate indication of the bed load velocity. Doppler ultrasonic flow-
meters are presently coomercially available for measuring the average velocity of 
low r.onrentration slurries. However, the present bed load Velocimeter only measures 
Held in Stratford-ui>on-Avon, UK Organised and sponsored by BHRA, The Fluid Engineering Centre 
© BHRA, The Fluid Engineering Centre, Cranfield, Bedford, MK43 OAJ, UK 1988. 
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UK> velocity of lhOfic part ir-l••fi cJost> t.o lhr. pipe wall and is thus applicabJe to 
high conc--entrat ion, dcn~E' phas<> of st.ahi) ised flow slurries. 
It is och·a11~P01J<; l<> 111011itor the bed load velocitv rather than the 9eeJ'l aixture 
flow veloci t~· BS pipe blocka~P is usuall:v initiated at the bed faee Fia. 1). Also 
the bro load velocity r..an be dP.wcted without penetration into the pipe. ThP 
instn~nt lhBY also be used for detenoining the extent of a stationary bed b:v 
positioning the transducer at various points around the pipe. 
The bed load veloC'ity is dependent on pipe variables, particle variables and slurr:v 
variables. The m.ss flow throughput m:v not be constant and usually varies with 
ti111e in an industrial application. It is for this reason that the bed load velocit:v 
should be 1DOnitored. Transporting the material at or near the limit deposit velocity 
also substantial l:v reduces the wear rate in s:vstems transporting abrasive Mterials. 
'. 
An important function of the instruoent is its application to the theoretical ard 
analytical stl..dy of pipe blockage. A further application of the instnnent is as a 
control sensor to provide feedback to the system JU11P8 causing them to speed up lolhen 
the bed load particle velocity becomes too low thereby preventing possible pipe 
blockage. · 
The pa.per presents a list of requirements which the Velocimeter should possess. To 
find a solution to satisfy the requil'e'lents, recognised techniques for 1DeaSuring 
particle velocities were investigated. These techniques fall into two nein groups, 
Doppler shift methods and the cross correlation method. Doppler shift instrunents 
DBY be constructed using either light flaserl, microwaves, or ultrasound as an 
energy source. Based on the list of requirements of the system, the Ultrasonic 
Doppler technique was chosen and the system was designed around this recognised 
technique. 
The Ultrasonic Doppler Velocimeter (UDVl employs two piezoelectric IPlTl ceramic 
crystals mounted outside the pipe wall by means of a mounting structure or wedge, 
set at a defined angle to the flow. ~ crystal acts as the transmitter and is 
excited by a constant sinusoidal signal fran an oscillator, thereby sending out an 
ultrasonic beam into the fluid. Targets lthe bed load particles) within this beam 
travelling in the fluid, reflect and backscatter the beam, some of which return to 
the receiving transducer. 'lhe velocity of the bed load particles cause part of the 
received signal to be Doppler shifted from the transmitted signal. 'lhe BIDO\mt by 
which the received signal is Doppler shifted is proportional to the velocity of the 
particles. 
'lbe Doppler shifted received signal is pre-amplified ard then deaodulated so that 
an.v Doppler shifted component can be extracted. 'lbe frequency of the Doppler shift 
signal is then electronically analysed and converted to a voltage to give an 
indication of the bed load velocity. 
2. Requirements of the systelll 
1he instrunent should satisfy a m.miber of requirements, namely: 
2.1 
2.2 
2.3 
2.4 
'11le instantaneous bed load velocity is measured rather than the JDe&n ari.xtta-e 
flow velocity. 
'lhe transducer is non-intrusive. 'lhe pipe wall requires minimal or no 
modifications so that installation is quick ard simple and 111Bintenance costs 
are kept low. Also, the absence of an obstruction to the flowing medilB 
avoids pressure loss, possible pipe blockage and t.ransduoer wear. 
Linearity and repeatability for bed load velocities ranging from stationary 
bed load to velocities of about 4 m/s, is desirable. 
It is import.ant to achieve high accuracy at low particle velocities (near 
deposition) so that effective control of the JU11P6 can be implemented to 
prevent pipe blockage. 
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reasonR for the 1reat interest ahown in this 11ea&uNment t.echnique is that it i8 
capable of achieving non-intrusive point veloci t:v 9eaaurement.s in the ranae 0. J la/• 
to 100 a/s with an extremely hilh accuracy, claimed to be better than t().5'1 of 
measured va]U('. Furthermore, _no calibration is required CThorn, Beck and Oreen, 
19821. 
Disadvantages of t.he WV are: ( i I the lDV requires an optically transparent 
pipeline; (iii it is t.oo expensive, fraaile and difficult to aet up for routine 
velocity 11r.asurements in an industrial situation. 
3.1.2 Microwave .et.hods 
Microwaves are another suitable source for the Doppler particle veloc~ter, and 
possess advantages over the l.DV of being low cost, compact and aui table for use in 
hostile environments. In addition the pipeline does not need ~ be optically 
transparent. However, a disadvantage is that even if calibrated, a Microwave 
Doppler Velocimeter <MDV I can only be used for reliable particle flow lllle8SW9Enta 
in situations where both particle size and 11e>isture content are constant (Jervis, 
1977). Since these are neither known nor kept constant a further diecussion is not 
warranted. 
3.1.3 Ultrasonic methods 
As shown in Fig. 2, the Ultrasonic Doppler Velocimeter ( UDV) employs two piezo-
electric (P'l'f) crystals to transmit and receive an ultrasonic beam into and fran the 
pipeline. The UDV has been chosen as the technique for measuring bed-load velocities 
because it satisfies the requirements presented in Section 2. A discussion of this 
technique is presented in Section 4. 
3. 2 Cross-correlation method 
The cross-correlation method of velocity measurement is an established concept b.Jt 
has only recently become ccmnerciall:v available for the irdustrial situation. 
(Thorn, Beck and Green , 1982 ) 
Like the Doppler Ultrasonic technique, the cross-correlation technique is indepen-
dent of fluid properties such as temperature, density and pressure. Aleo, the 
transducers used need cause little or no obstruction to the flow since ultrasonic 
transducers may be used. In addition the transducers do not need to be calibrated. 
Di sad vantages of the method are: ( i ) determining cross-correlation f~tions 
requires a dedicated processor to process the output signals. Large BlllOUllts of 
llelOOry may be required to store the signals from the sensors. Careful algorithms 
111USt be employed to ensure reliability ard accuracy; C ii ) the response ti.me is 
inherently much slower than the Doppler techniques due to the complicated processinl 
required with large amotmts of data to deteI"llline and then analyse the cross corre-
lation ftmction to obtain a valid me.xi.Jiun peak; (iii) the cross correlation 
technique is more complicated to implement than the Doppler Ultrasonic technique. 
4. Design of the Doppler Ul t.rasonic Veloci..Eter to satisfy the ~nments 
4.1 ~t of bed load velocity 
To ensure that the bed load rather than the mean mixture velocity is measured tM> 
conditions should be met: 
(i l The ultrasonic "beams" from the transmitter and receiver should be "fOC\.mSed" 
at the bed load by suitable gecaetry of the mo\D'lting stn.acture. 
(ii) Since ultrasonic attenuation through slurry shows deperdency on frequency 
(Hovern et al, 1979), a choice of frequency which is suitably high will ensure 
that the beam attenuates upon entering the slurry, resulting in reflections 
ard hence detection of Doppler shift solely due to the bed load. At the 
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frequency choice of 1 Pitt for the aystell, the experimlental result.a CSect.im 
5.2) provf'Jd that only the bed load velocity ie detected. 
4.2 Non-intn.mive t~r and no pipe modification 
'Ille transducer IDOl.D'ltilll is attached outside the pipe wall by -.ns of an epoxy reain 
bond or alternatively by taping it with silicone sealant applied to both aurfaoea to 
ensure an acoustic bond is maintained. 
Pipe lines with i!Vler linings which possess adverse ultrasonic tranaaiasion proper-
ties should have the linine •terial replaced in a section of pipeline MM!re the 
transducers are attached. The 1aterial should have lood wear properties llrd also 
allow ultrasonic penetration. Wear and ultrasonic tests have been carried out an a 
selection of polyurethane Eterials. A polyether polyurethane was chosen as it 
exhibits excellent wear properties and allows sufficient tranaaiasion of ult~ 
at the operati.nl frequency of 1 Pitt. '· 
4.3 Linearity and repeatability 
Linearity and repeatability can be assured even though factors such as the oonceu-
tration and size of the bed load particles lllBY vary. For all practical hi.ah ooncen-
tration aining slurry transportation conditions, the concentration and size of the 
bed load particles will be adequate for operation of the system. Since the Doppler 
technique is independent of these factors, repeatability can be assured. 
4.4 Accuracy 
Possible inaccuracy 111ay be due to the finite ultrasonic beamwidth of the P'lT 
crystals causing a spread of Doppler shifts. 'Ille width of the epreadi.nl about the 
peak of the Doppler spectrun (as defined in eqn. 1) is dependent on the beaaridth. 
The power spectral density of the Doppler shift signal is strongly related to the 
PlT beam pattern and can be observed in the spectruns presented in Fig. 4. 
Differentiation of eqn. 1 gives the relation between bandwidth dfD, due to Doppler 
spreading and the beamwidth of the crystal dB where dB is defined as: 
dB : Sin-I (0,6} ~) (2) 
r 
(See, for example, ca.p, 1970) 
where A is the 'Wavelength of the beam (A = l with c the speed of scud of the beam 
and f the frequency of the beam) and r is the radius of the crystals. 
fTv 
df = - (sin 't + sin • ) dB D c r (3) 
Eqn. 3 can be divided by eqn. 1 to give 
(4) 
1be effect of the bandwidth, clfD of the Doppler frequency on its instantaneous 
measunsent can be analysed based on theoretical studies by SchultheiBB et al 
( 1954). Fran Schultheiss, the probability density f\DlCtion of instanteous frequency 
has approxi.nately the BB1De width as the width of the power spectn.m. In particular, 
the standard deviation of instantaneous frequency equals half the t.ndwi.dth of the 
signal. 1bis IDe8llS that the standard deviation of a single instantaneous Doppler 
frequency measurement will be half the value of the ratio dfD/fD of eqn. ( 4). 
To minimize the stardard deviation of the instantaneous Doppler frequency 
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111e~ur-emeri1 I and h1·111:1· U.. i .. ,,,.o,·I' th,. ac«urac·.v in detenninin.ll the Doppler fr-equency) 
~~ shoulrl: 
Ii) minimize df0/f0 by mini11i_zifll( 't and 'r as 111UCh as ph.vsicall.v possible. 
Iii) 11inimi ZP. df 0/f D b.v having a narroo,..rer beamwidth C eqn. 2 l. For a fixed 
frequency C 1 ~zl and radius of crystal (5am), the choice of •terial for 
the llOl.lnting structure should be chosen with a )0'-1 speed of sound, c. 
(iii) average the processing of the Doppler frequency spectn.111 to a voltage over a 
period of time. The ele('tronics of the system allows for an adjustable 
average period to be set to up to 1 second. With a larger avere.scing period, 
the accuracy is higher but the response time is longer. 
4. 5 Detection froa typical bed loads E!rlOCUltered in the llininl industry 
If the Doppler Ultrasonic technique can be used in the application of detectiClfl of 
blood flO\-' by obtaining reflections from blood oorpJSCles, then it can detect 
reflections from all typical mining slurries with ease. 
4.6 Irdeperdence of the properties of the transporti.nl fluid 
The Doppler Ultrasonic technique s}iould be completely independent of the properties 
of the transporting fluid. Fluid properties such as its density, pressure and 
temperature will affect the speed of sound of the fluid, c'. (c' within a fluid 
increases as pressure increases and as temperature decreases, in general, any change 
which affects density or compressibility causes a corresponding change in c'). 
Speed of sound in the fluid may intuitively be thought to influence the Doppler 
frequency shift. However, in eqn. 1 , c is fixed and dependent only on the 
physical characteristic of the mounting structure. From Snell's Law of Refraction, 
cos 't cos 'i. 
--- of the mounting structure as defined in eqn. 1 will equal , in the fluid 
c c 
(where 't is the angle between the transmitted ultrasonic beam in the fluid and the 
direction of the velocity of the particles). A variation inc• in the fluid will 
cos 't cos •• 
cause a corresponding change in t • to satisfy Snell's Law: = t t c c• 
The same applies to t within the 1110unting structure arrl t • within the fluid. 
r r 
4.7 Short response time 
'Ille electronics requi~ to send an ultrasonic beam into the fluid, amplify and 
demodulate the recei ed signal and extract the Doppler frequency which is then 
electronically analysed, operates very quickly. The response ti.me required to 
obtain an indication of the bed load is very short C < 1 second l and . this time is 
ideal for the implementation of the control syatem to the pumps. 
4 • 8 Minimal maintenance 
Since the system contains no moving parts or perts which wear, maintenance is 
anticipated to be very low. 
5. Experimental results and diBCUBsiaa 
5. 1 Bxperlleital Test Rigs 
'l\lo test rigs were used to corduct tests on the instrunent. 
( i) The main Hydrotransport Research Unit 140 ma diameter perspex section of 
pipeline C Lazarus and Si ve, 1984 l containing a sand water slurry was used 
for testing the UDV. The sliding bed load contained a volt111etric concen-
tration of 50%. The slurry rate was controlled with a variable speed punp so 
that a velocity profile could be achieved with the bed load remaining 
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atatiorvtry. Ttw trausd~r was att.arhed by tapina it to the outside and 
Wldemeath the pipPline with a la:ver of silicone aealant actinl{ as an ultra-
Ronic bord. The bed load could be varied between stationary to velocities of 
appro'<imat.ely 4 •/s. 
(ii) A simulation of a lhOving bed load travelling at a fixed, known velocity was 
created using a simulation test rilr as shown in Fil. 3. The siJMtlation 
consiE1ted of a 330 11111 diameter disc driven by a variable speed D.C. 90lor. 
The lower quarter of the disc was subnerged in a perspex tank of water. The 
rim of the disc was coaled in sand to inodel the bed load and to act as a aood 
reflector of the ultrasonic beam. The velocity of the diec could be varied 
from 0.45 m/s to 1.42 m/s and could be accurately detenllined. The traneducer 
was bonded to the outside of the tank directly under the lowest point of the 
disr.. 
:: ., 
5. 2 Results and discuss ion 
Results from the 140 an pipeline showed that the Velocimeter appeared to be 
operating correctly. At stationary bed loads, while the sand above the bed load 
could visibly be seen to be moving (see Fig. 1), the veloci.meter. gave a correct 
indication of zero. As the velocity of the bed load was increased; so the reeding 
on the Velocimeter increased. 
To investigate the linearity and accuracy of the instnnent, the simulation test 
rig, simulating a moving bed load was used. The disc was set to fixed velocities, 
between 0 m/s and 1. 42 m/s as tabJlated I Table 1 l . The following results were 
obtained: 
( i) '!be frequency spect:n.m of the Doppler shift frequency obtained frm the 
dmrxiulated received signal. The spect:runs were plotted with the frequency 
axis extending to 2 kHZ. The peak of the spectrun, the Doppler shift 
frequency, is designated with a cross Ix) on the plot. 'Ibe x value gives the 
value of the frequency of the peak. These spect?'\.IDS are presented in Fig. 
4.1 to 4.6. 
FI'Olll the spectnns it can be seen that as the disc velocity increases, so the 
spectn.111 spreads out . From eqn. 3, the spreading of the Doppler frequency, 
dfD is dependent on the velocity, v. 
At higher velocities of the disc, the spect:n.115 start exhibiting peaks at 
frequencies below th  expected Doppler frequency as seen in Fig. 4.5 alld 4.6. 
'Ibis is due to rubbles oocurring urrler the disc when its velocity increases. 
These rubbles travel slower than the sand particles on the rim of the disc 
and so present frequency peaks due to their velocity. 
( ii ) Reaclinp were taken fraa the vol taeter display on t.he Velocimeter. The 
voltage is obtained fran the electronic processing of the tjemodiilated signal 
to determine the peak frequency of the Doppler shift spectnmi. This voltage 
is tabJlated in Table 1 for the range of disc velocities. 
Figs. 5 am 6 are gra}:ils of the Doppler frequency peak and the outµit voltage 
of the velocimeter for the range of disc velocities. 
Fig. 5 is linear as iooicated by eqn. 1. Fig. 6 shows that at higher disc 
velocities, the output voltage loses linearity. This is due to the electronic 
processing of the Doppler frequency to obtain a voltage proportional to the 
IDe8ll frequency spectn.E. The spectn.m at high disc velocities oontains peaks 
at lower frequencies due to the Doppler shift fran the slower moving bubbles, 
which cause the output voltage to decrease. This effect is not expected to 
occur in the measurement of the bed load velocity in a slurry filled pipeline 
as there should be no slower moving bubbles present below the bed load. 
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6. Conclusion 
A prototypP of an instnanenl for measuring bed load velocity of hilh concentration 
slurry hM been developed. The instrunent ie based on the Doppler shift technique 
and USP!:> ultrasound as it.a source of ener&)'. The Ultrasonic Doppler Velocimeter 
(l)I>V I 111a:v be used for: 
( i ) 
(ii ) 
(iii) 
(iv) 
minimizing head lose 1radient thereby incree.sine hydraulic efficiercy. 
redocing the wear rate in systems transporting abrasive materials by 
monitoring the bed load and transportinl the material at or near the limit 
deposit velocity. 
its application to the theoretical and analytical study of pipe blockaae. 
a control sensor to provide feedback to the system punpe thereby preventing 
possible pipe blockage. 
'' 
A list of various requirements that the system should possess have been presented. 
These requirements appear to have all been satisfied with the eystem deeian. Reeul ts 
taken from a test rig pipeline and a simulation of a 90ving bed load of various 
velocities eho1-1 that the inst:n.-ent appears to function correctly to give an 
accurate indication of bed load velocity. 
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Diagrammatic representation of the Ultrasonic Doppler 
Bed Load Velocimeter 
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Figure 3 : Simulation Test-Rig consisting of a rotating disc at 
a fixed, known velocity. 
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APPENDIX B 
DERIVING VARIOUS FOCUSING CONSTANTS 
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DERIVING VAR.IOUS FOCUSING CONSTANTS 
Part 1: Deriving hE from h 
Refer to Fig. Bl, which is identical to Fig. 6.6. Assume a 
material (the transducer window, with an ultrasonic velocity 
defined by cTw) is in contact with another medium (the 
slurry, with an ultrasonic velocity defined by csL). If a 
beam propagates· from the transducer window int~ the slurry 
I 
material then refraction will occur at the interface of 
these two mediums. Assume two beams (one from a Tx. the 
other from a Rx.) intersect at a location within the slurry 
at a perpindicular height from the interface defined by h. 
Another point within the slurry can be defined as an 
effective location with an effective perpindicular height 
defined by hE (see Fig. Bl) . This is the location of the 
intersection of the same beams if the ultrasonic velocity 
within the slurry were identical to the ultrasonic velocity 
within the transducer window material and no refraction 
occured. 
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ACTUAL BEGINNING OF SUSPENDED-LOAD 
PARTICLE DEFINED BY LOCATION (h,b<p~) 
EFFECTIVE BEGINNING OF SUSPENDED-LOAD 
FOCUSED POINT ON THE BED-LOAD 
TL r(0,0° )=OdB if d = ZMAX 
CSl 
C-rw 
cos Or--''----; 
Tx 
' ' 
' 
' 
' 
' 
' 
' 
'-- .............. 
.......... 
---
Rx 
a. 3 
EFFE TIVE PARTICLE 
LOCA ION 
H 
h 
EFFECTIVE TRANSMISSION 
d PATH (TRANSDUCER 
WINDOW AND PIPE WALL) 
Fig. B.1 Actual and Effective particle locations within the 
slurry 
Let the actual distance that the Rx. beam travels within the 
slurry layer to the intersection point be defined by y. The 
distance to the effective particle location [YE] is related 
to y by the ratio of the ultrasonic velocities as follows: 
( B .1) 
Un
ive
rsi
ty 
of 
Ca
pe
 T
ow
n 
B.4 
The direction that the ..Rx. beam travels in the transducer 
window relative to the crystal normal is defined by 6cpR. 
Within the slurry layer, the direction of the same beam is 
defined by say <pA. The angles 6cpR and cpA are related 
according to Snell's Law as follows: 
sin 6~ = CTW 
sin cpA csL 
The heights h and hE can be exressed as follows: 
y = h/cos cpA 
( B. 2) 
( B. 3) 
( B. 4) 
If y in Eqn. B.3 and YE in Eqn B.4 are substituted into Eqn. 
B.4 then: 
hE = CsL°h 
cos 6~ CTW •cos <pA (B.5) 
Now solve for cpA from Eqn. B.2 and substitute into Eqn. B.5 . 
and solve for hE: 
= C~•h•COS 6cpR 
hE cTw•COS [sin-I { (csL/cTw) sin 6<pR}] (B.6) 
Part 2: Deriving 6w1 in terms of the focusing parameters: 
Refer again to Fig. Bl. 
follows: 
The point x can be expressed as 
(B.7) 
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The angle (0T-6~T) can b~ expressed as follows: 
( B. 8) 
Now solve for 6~: 
r hE + d sin eT 
L d cos eT + (d+hE) tan o~R '· (B.9) 
Part 3: Deriving z1 in terms of the focusing parameters: 
Refer to Fig. Bl again, the zT can be expressed in terms of 
length w as follows: 
Express w in terms of the focusing parameters: 
w = hE + d sin eT 
sin ( eT-6~T) 
Now solve for zT: 
(B.10) 
(B.11) 
(B.12) 
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APPENDIX C 
ULTRASONIC DOPPLER BED-LOAD VELOCIMETER 
HARDWARE TECHNICAL DESCRIPTION 
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ULTRASONIC DOPPLER BED-LOAD VELOCIMETER COMPONENT LISTING 
Note: Abbreviations used in the LOC(ation) column are as follows: 
MAIN 
DSC 
FRONT 
PANEL 
Note: 
= Components on MAIN Circuit Board 
= Components on OSCILLATOR Circuit Board 
= Components on FRONT PANEL Circuit Board 
= Components Mounted on FRONT PANEL Plate 
1. RESISTORS 
( 1 ) All Resistors are carbon, 1/4 w, 101., 
( 2) Rz = RT2 + R39 
REF. VALUE LDC. REF. 
Rl !BK DSC R36 
R2 lK DSC R37 
R3 12K DSC R3B 
R4 100 DSC R39 
RS 4K7 osc R40 
R6 2.2 DSC R41 
R7 820 MAIN R42 12K 
RB 8K2 MAIN R43 12K 
R9 2BK MAIN R44 
R10 22K MAIN R45 
Rll 100 MAIN R46 
R12 lK MAIN R47 
R13 100 MAIN R4B 
R14 lK MAIN R49 
R15 10K MAIN R50 
Rl6 2K7 MAIN R51 
R17 lK MAIN R52 
RlB 820 MAIN R53 
R19 1K2 MAIN R54 
R20 100 MAIN R55 
R21 47 MAIN R56 
R22 2K7 MAIN R57 
R23 2K2 MAIN RSB 
R24 220 MAIN R59 
R25 220 MAIN R60 
R26 10K MAIN R61 
R27 10K MAIN R62 
R2B 1M MAIN R63 
R29 4K3 MAIN R64 
R30 22K MAIN R65 
R31 10K MAIN R66 
R32 10K MAIN R67 
R33 22K MAIN R68 
R34 220 MAIN R69 
R35 22K MAIN R70 
t ., 
unless otherwise 
VALUE LDC. 
560 MAIN 
56K MAIN 
56K MAIN 
200K MAIN 
100K MAIN 
100K MAIN 
( 1 /.) MAIN 
( 1 /.) MAIN 
100K MAIN 
10K MAIN 
10K MAIN 
10 MAIN 
47 MAIN 
10K MAIN 
100K MAIN 
10K MAIN 
100K MAIN 
!BK MAIN 
2K7 MAIN 
lK MAIN 
lM MAIN 
4K3 MAIN 
22K MAIN 
560 MAIN 
100 FRONT 
270 FRONT 
470 FRONT 
6B0 FRONT 
B20 FRONT 
4K7 FRONT 
10K FRONT 
22K FRONT 
47K FRONT 
100K FRONT 
100 FRONT 
C.13 
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Un
ive
rsi
ty 
of 
Ca
pe
 T
ow
n 
C.14 
2. CAPACITORS 
REF. VALUE VOLTAGE TYPE BOARD 
Cl 1000u 25V electrolytic osc 
C2 1000u 25V electrolytic osc 
C3 0. lu 63V polyester CWIMA) osc 
C4 0. lu 63V polyester CWIMA) osc 
cs 220u 2SV electrolytic osc 
C6 220u 2SV electrolytic osc 
C7 lu 3SV tantalum osc 
CB lu ·35V tantalum osc 
C9 1S0p ceramic osc 
C10 10n 63V polyester (WIMA) osc 
Cll 10n 63V polyester (WIMA) osc 
C12 10p ceramic DSC 
C13 220u 25V electrolytic MAIN 
C14 220u 25V electrolytic MAIN 
ClS lu 35V tantalum MAIN 
C16 lu 3SV tantalum MAIN 
C17 470p ceramic MAIN 
C18 10p ceramic MAIN 
C19 10n 63V polyester (WIMA) MAIN 
C20 ln ceramic MAIN 
C21 0.lu 63V polyester (WIMA) MAIN 
C22 0. lu 63V polyester (WIMA) MAIN 
C23 10n 63V polyester (WIMA) MAIN 
C24 0.lu 63V polyester (WIMA) MAIN 
C25 5n 100V polyester (WIMA) MAIN 
C26 Sn 100V polyester (WIMA) MAIN 
C27 10u 25V electrolytic MAIN 
C28 10n 63V polyester (WIMA) MAIN 
C29 7n2 ceramic MAIN 
C30 lu 25V electrolytic MAIN 
C31 lu / 35V tantalum MAIN 
C32 22u 16V tantalum MAIN 
C33 3n cerarttic MAIN 
C34 lu 35V tantalum MAIN 
C35 ln ceramic MAIN 
C36 lu 35V tantalum MAIN 
C37 221Zlu 25V electrolytic MAIN 
C38 ln ceramic MAIN 
C39 ln ceramic MAIN 
C41Zl 22u 16V tantalum FRONT 
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REF. 
RTl 
RT2 
RT3 
RT4 
RT5 
REF. 
Ql 
Q2 
Q3 
Q4 
Q5 
Q6 
Dl 
LDl 
LD2 
LD3 
LD4 
REF. 
I Cl 
IC2 
IC3 
IC4 
IC5 
IC6 
IC7 
ICB 
IC9 
IC10 
IC11 
IC12 
IC13 
IC14 
C.15 
3. TRIMMER RESISTORS (POTENTIOMETERS) 
VALUE BOARD 
21ZHZJK MAIN 
100K MAIN 
500 MAIN 
2K MAIN 
50 FRONT 
4. SEMI-CONDUCTORS 
VALUE 
2N2222 
2N2222 
2N2907 
BC549 
BC549 
BC549 
IN4148 
20mA, 5mm 
20mA, 5mm 
21ZlmA, 5mm 
20mA, 5mm 
VALUE 
LM7812 
LM7912 
LH0002CH 
LM7812 
LM7912 
LM359N 
LM1496N 
LF347N 
LM393N 
CD4538B 
CD4093B 
LM2907N 
LF151H 
LM7812 
TYPE 
NPN 
NPN 
PNP 
NPN 
NPN 
NPN 
(RED) 
(RED) 
(RED) 
(RED) 
DESCR. REF. VALUE BOARD DESCR. 
Dop. Gain RT6 100 FRONT vMAX trim 
Calibrate RT7 200 FRONT vMAX trim 
Ios adj. RTB 200 FRONT vMAX trim 
Vref adj. RT9 500 FRONT vMAX trim 
vMAX trim RT 10 500 FRONT vMAX trim 
(TRANSISTORS & DIODES & LEDs) 
BOARD 
osc 
osc 
MAIN 
MAIN 
MAIN 
MAIN 
MAIN 
PANEL 
PANEL 
PANEL 
PANEL 
5. INTEGRATED CIRCUITS 
DESCRIPTION BOARD 
+12V Series Voltage Regulator 
-12V Series Voltage Regulator 
Hybrid Current Amplifier 
+12V Series Voltage Regulator 
-12V Series Voltage Regulator 
Programmable Current Mode (Norton) A 
Balanced Modulator-Demodulator 
Quad JFET Input Operational Amplifie 
Low Power Low Offset Comparator 
Dual Monostable Multivibrator 
Quad 2-Input NANO Schmidt Trigger 
Frequency to Voltage Converter 
JFET Input Operational Amplifier 
+12V Series Voltage Regulator 
DSC 
osc 
DSC 
MAIN 
MAIN 
MAIN 
MAIN 
MAIN 
MAIN 
MAIN 
MAIN 
MAIN 
MAIN 
MAIN 
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REF. 
CEl 
CFl 
CF2 
Fl 
Hl 
Sl 
Bl 
BNCl 
CMl 
CTl 
CT2 
Ll 
Tl 
8NC2 
8NC3 
H2 
L 
Pl 
S2 
C2-Cll 
H3 
H4 
P2-Pll 
PLl 
S3 
S4 
BSl 
BS2 
Ml 
6. MISCELLANEOUS 
DESCRIPTION 
10-~ay Edge Connector (5.08mm pitch) 
9-Way D-Type Female Edge Connector 
9-Way D-Type Female Edge Connector 
20 mm Fuse Holder 
4-Way Locking Straight Header (2.54mm pitch) 
4-Way Socket (2.54mm pitch) 
Diode Bridge Rectifier 1.2A, 400V 
BNC Socket, 50e, Chassis-mount 
9-Way D-Type Male Edge Connector 
Trimmer Capacitor 1.8 - 22 pF 
Trimmer Capacitor 7 - 100 pF 
Inductor 100uH 
Transformer 220V - 2 x 12V, 2 x 225mA, 5.4VA 
BNC Socket, 500, Chassis-mount 
BNC Socket, 500, Chassis-mount 
14-Way Straight Ribbon Cable Header 
Inductor 13uH 
PC Pin, Double Sided, 1.Smm Diameter 
14-Way Ribbon Cable Socket 
Slide-on Clip Terminal 
7-Way Locking Straight Header (2.54mm pitch) 
7-Way Locking Straight Header (2.54mm pitch) 
PC Pin, Double Sided, 1.Smm Diameter 
14-Way OIL Ribbon Cable Plug 
7-Way Socket (2.54mm pitch) 
7-Way Socket (2.54mm pitch) 
Banana Socket (Black), 4mm 
Banana Socket (Red), 4mm 
20mA Panel Meter 
RS! 6-Way Rotary Switch 
RS2 6-Way Rotary Switch 
SW! DPST Toggle Switch 
BOARD 
MOTHER 
MOTHER 
MOTHER 
MOTHER 
MOTHER 
MOTHER 
osc 
osc 
osc 
osc 
DSC 
DSC 
osc 
MAIN 
MAIN 
MAIN 
MAIN 
MAIN 
MAIN 
FRONT 
FRONT 
FRONT 
FRONT 
FRONT 
FRONT 
FRONT 
PANEL 
PANEL 
PANEL 
PANEL 
PANEL 
PANEL 
C.16 
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-I. DESCRIPTION OF TRIMMER RESISTORS (POTENTIOMETERS) 
Note: All Trimmer Resistors have been adjusted under 
Laboratory test conditions to ensure that the 
Ultrasonic Doppler Bed-load Velocimeter (UDBV) 
provides an accurate indication of the Bed-load 
particle velocity (or pipe-wall particle velocity, 
depending on location of transducer) for Rossing's 
450mm, polyurethane lined, Tailings line, if the 
transducer is attached to the specially designed 
spoolpiece. 
There is no need for further adjustments of the 
Trimmer Resistors. 
1. REFERENCE LOCATION NAME 
RTl MAIN BOARD Doppler Gain 
FUNCTION: Adjusts gain setting of the Demodulated Doppler 
signal so that only Bed-Load particle motion is 
detected. 
SETTING: If set too high then Doppler signals due to 
particle motion above the bed-load will be 
detected. If adjusted too low then Bed-load 
particle motion will not be detected. 
C.17 
An Hydraulic est-rig is required for set-up 
procedure. RTl is turned to its maximum setting 
(fully Clockwise). A condition within the test-
rig is set up so that the insipient settling bed-
load velocity is achieved while particles above 
the bed are in motion. RTl is now reduced (by 
turning Anti-clockwise) until the Doppler Signal 
LED (see Operators Manual Ver 2.0) just begins to 
be extinguished. 
2. REFERENCE LOCATION NAME 
RT2 MAIN BOARD Calibration Setting 
FUNCTION: Adjusts conversion between the Doppler frequency 
and the voltage output of the frequency to voltage 
converter (IC12) ie. the calibration of the UDBV. 
SETTING: Adjustment is made by using an independant 
method of measuring the bed-load velocity of 
slurry in a test-rig. This method is the Cross-
correlation method with· Resistivity Probes. The 
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C.18 
Bed-load velocities detected this way for a range 
of mean velocities is used to set the Calibration 
Setting. This setting has been made for the 
Ultrasonic Transducer of the UDBV attached to a 
sample of Rossing's Tailings Spoolpiece. 
3. REFERENCE LOCATION NAME 
RT3 MAIN BOARD 0/4 mA Settin_g 
'., 
FUNCTION: Adjusts Current Output corresponding to a zero 
Bed-load Velocity condition. 
SETTING: Adjustment is made by sensing the Current Output 
with an ammeter. Adjustment can be made with the 
transducer unconnected. The adjustment is made so 
that the Current Output of the UDBV is 4 mA. 
4. REFERENCE LOCATION NAME 
RT4 MAIN BOARD Over Range Setting 
FUNCTION: Adjusts the trigger value that will cause the Over 
Range LED to light up. 
SETTING: Adjustment is made so that the over Range LED 
lights up when the Current Output equalls or 
exceeds 20 mA. 
5. REFERENCE LOCATION NAME 
RT5-10 FRONT BOARD VMAX Setting 
FUNCTION: Adjusts the scaling of the Output Current for 
different vMAX (Front Panel) settings. 
RTS adjusts the Current 
RT6 
" " " RT7 
" 
II II 
RTS II 
" " RT9 
" " " RTlO 
" " " 
scaling when 
" " 
II 
" 
" " 
" " 
" " 
v~ 
" 
" 
" 
" 
= 0.5m/s 
1 m/s 
2 m/s 
3 m/s 
4 m/s 
5 m/s 
SETTING: Adjustment is made by providing a fixed test 
frequency from a signal generator to the Doppler 
Pin (Pl, Main Board). First Vmax is set to 
0.5 m/s. The frequency is adjusted so that the 
Output current is exactly 20 mA. The test 
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frequency corresponds to a Doppler signal from a 
0.5 m/s Bed-load velocity. 
To adjust RT6, the vMAX setting is set to 1 m/s. 
The Output Current should be: 
C.19 
( 16 • vBED I vMAx) + ~ = ( 16 • o. 5 / 1 ) + 4 = 12 mA; 
(see Operators Manual, Ver 2.0). Trimmer 
Resister, RT6 is then adjusted so that the output 
Current is 12 mA. 
To adjust RT7, the vMAX setting is set to 2 fu/s. 
The output Current should be: 
(16•0.5) / 2) + 4 = 8 mA. RT7 is then adjusted so 
that the Output Current is 8 mA. 
The same applies to RT8, RT9 and RTlO. To adjust 
RT8, RT9 and RTlO respectively, vMAX is set to 3,4 
and 5 m/s respectively. The respective Output 
Currents for each case should be 6.666mA, 6 mA and 
5.60 mA. 
II. DESCRIPTION OF TRIMMER CAPACITORS 
1. REFERENCE LOCATION NAME 
CTl OSCILLATOR BOARD Fine Tuning 
FUNCTION: Adjusts the uning of the transmitter oscillator 
frequency for fine tuning, in the range ±20kHz. 
OPERATION: Turn Clockwise to increase operating frequency 
and Anti-clockwise to decrease. 
2. REFERENCE LOCATION NAME 
CT2 OSCILLATOR BOARD Course Tuning 
FUNCTION: Adjusts the tuning of the transmitter oscillator 
frequency for course tuning, in the range 
±120kHz. 
OPERATION: Turn Clockwise to increase operating frequency 
and Anti-clockwise to decrease. 
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III. DESCRIPTION OF BNC SOCKETS 
Note: The BNC sockets provide test points on the circuit 
boards. They may be connected via a coaxial cable to 
be observe test signals on an oscilloscope. The 
transducer (and transducer coaxial cables) may be 
disconnected while conducting tests. 
1. REFERENCE LOCATION NAME 
BNCl OSCILLATOR BOARD Transmitted Signal 
FUNCTION: Test point for transmitter signal from Oscillator 
Board. 
OPERATION: For correct operation this signal should be 
oscillating at between 850 kHz and 1150 kHz. The 
frequency of oscillation may be adjusted by 
adjusting either trimmer capacitors on the 
Oscillator Board. (see Section II above). 
The peak to peak amplitude of the oscillating 
signal should be approximately 15V pp. 
2. REFERENCE LOCATION NAME 
BNC2 MAIN BOARD Received Signal 
FUNCTION: Test point of Received Signal on Main Board. 
OPERATION: For correct operation, with transducers 
disconnected, this signal should resemble the 
transmitted signal frequency with a considerably 
smaller amplitude. The amplitude should be 
approximately 150-250mV peak to peak. 
3. REFERENCE LOCATION NAME 
BNC3 MAIN BOARD Doppler Signal 
FUNCTION: Test point of demodulated Doppler signal. 
OPERATION: This test point is used in conjunction with PC 
Pin, Pl, on the Main Board. This pin should be 
driven by a signal from a signal generator to 
simulate a Doppler signal. The signal injected 
to Pl should be set to between lOOHz and 5kHz 
with an amplitude of approximately 40mV. 
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The signal at_BNC3 can be observed on an 
oscilloscope. It should be an amplified and 
filtered version of the signal being injected at 
Pl. The gain of the amplifier has been set up to 
be 350. 
By varying the frequency injected by the signal 
generator, so the frequency of the signal at BNC3 
should vary. Also, the Current Output from the 
UDBV may be sensed and observed to vary in 
accordance with the frequency of the injected 
signal. : , 
Other circuit modules may also be checked by this 
method. For example, the Doppler Signal LED 
(Front panel) should flash at frequenGies bellow 
30Hz. It should be fully on at frequencies 
exceeding 30 Hz. 
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APPENDIX D 
AN EXAMPLE OF THE "QUATRO" SPREADSHEET USED FOR DETERMINING 
THE BEAM INTENSITY AT LOCATIONS WITHIN THE SLURRY FROM WHICH 
THE PENETRATION CONSTANT CAN BE CALCULATED FOR VARIOUS 
FOCUSING PARAMETERS 
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T R A N S D U C E R C 0 N S T A N T S 
freq. vel. radius vel rat. wave no. 
f,{kHz} c:TW{m/s} r {mm} k 
1000 2400 5 0.75 2618 
F 0 C U S I N G PARAMETERS 
path len Tx b.w. 
d {mm} e 
20 30 17 
Attenuation (a) {dB/mm}: -0.26 
h {mm}: 2.00 At ten. Loss AT {dB}: -1.56 
s~K. S!fr S fo I fo DIF AIF I (H)/l (0) TLp 
{ 0} {0} {ratio} {dB} {dB} {ratio} {dB} 
-17.01 -16.85 1.46 -95.6 -4.7 0.000000 -101. 91 
-13.61 -13.45 1.38 -27.4 -5.1 0.000389 -34 .10 
-10.21 -10.50 1.29 -13.8 -5.5 fl) • 008036 -20.95 
-6.81 -7.92 ·1.21 -6.6 -5.9 0.039326 -14.05 
-3. 40 -5.63 .1.12 -2.5 -6.3 0.091452 -10.39 
-0.00 -3.58 1.03 -0.7 -6.7 0.126917 -8.96 
3.40 -1.73 0. 95 -0. 6 -7.0 0.119091 -9.24 
6.81 -0.03 0. 86 -2.7 -7.4 0.067575 -11.70 
10.21 1. 53 0. 78 -6.7 -7.7 0.025058 -16.01 
13.61 2.99 0.70 -14.5 -8.1 0.003843 -24 .15 
17.01 4.35 0.62 -53.3 -8.4 0.000000 -63.25 
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APPENDIX E 
Circuit Diagram of cross-correlator Interface circuitry 
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APPENDIX F 
Table of Results from Cross-Correlator and from UDBV (before 
calibration and after calibration) as functions of the mean 
mixture velocity 
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RESULTS FROM THE UDBV AND THE CROSS-CORRELATOR FOR 
CALIBRATION 
F.2 
The table below (table F .1) tabulates readings taken from 
the UDBV and from the cross-correlator for a range of mean 
mixture velocities in the 140mm diameter PVC test loop in 
the Hydrotransport Research of the Civil Eng~Deering 
Department. The tests were conducted with a slurry having a 
transport volumetric concentration of papproximately 50%. 
The solid particle material was ordinary sand q~artz with a 
' 
mean solid particle diameter of approximately 500µm. 
The mean mixture velocity was measured with a Khrone 
Magnetic meter and is tabulated in the first colum of Table 
F.1 The second column are the position of the peaks of the 
cross-correlator averaged for approximately six 
Column three converts the peak position to a 
readings. 
bed-load 
velocity using Eqn. 7.2 Column four are the average output 
current [lout] readings taken from the UDBV before 
calibration. The setting of vMAX is 2m/s. The offset 
current [ Ios] is set to 4mA, so that the conversion from 
rout to vBED is as follows (see Operators manual, 
Appendix G) : 
vBED = 2·(Iout-4) / 16 ( F .1) 
The last column in Table F.1 are the readings taken from the 
UDBV after being calibrated and converted to vBED'. It is 
expressed as vaED' to signify that the readings are 
calibrated. The calibration in this case is simply: 
VBED I = 1 . 7 • VBED (F.2) 
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-MAGNETIC CROSS-CORRELATOR ULTRASONIC DOPPLER 
METER BED-LOAD VELOCIMETER 
VM Peak VBED I out VBED VBED 1 
2.00 No peak 0.00 4.00 o.oo 0.00 
2.10 42.00 0.89 6.00 0.25 0.42 
2.22 38.94 0.96 8.64 0.58 0.99 
t ., 
2.43 33.08 1.13 9.92 0.74 1.25 
2.48 30.90 1.21 10.40 0.80 1.36 
2.59 27.09 1.38 10.64 0.83 '1.41 
2.74 24.92 1.50 11.28 0.91 1.55 
2.83 23.22 1.61 11.60 0.95 1.61 
3.00 19.88 1.88 12.80 1.10 1.87 
3.08 18.69 2.00 12.96 1.12 1.90 
3.19 18.15 2.06 13.28 1.16 . 1. 97 
3.23 17.97 2.08 13.60 1.20 2.04 
3.36 17.31 2.16 14.24 1.28 2.18 
3.40 16.99 2.20 14.40 1.30 2.21 
3.57 15.45 2.42 14.72 1.34 2.28 
3.61 15.26 2.45 14.88 1.36 2.31 
Table F.1 Data of bed-load velocities taken with cross-
correlator and with UDBV for various mean velocities 
The bed-load velocities [vsEDl measured with the cross-
correlator (column 3) and vBED', the calibrated measurement 
from the UDBV (column six) are plotted as a function of the 
mean mixture velocity [vM] (column one) in Fig. 7.6 and are 
seen to resemble each other closely as expected. 
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APPENDIX G 
OPERATORS MANUAL 
Un
ive
rsi
ty 
of 
Ca
pe
 T
ow
n 
G.2 
ULTRASONIC DOPPLER .BED-LOAD VELOCIMETER [Ver 2.0] 
OPERATORS MANUAL 
I. GENERAL INFORMATION 
The instrument provides an accurate and rapid 
indication of the bed-load particle velocity of slurry 
transported down Rossing's lined, steel tailings line. 
The instrument consists of an Electronic Processing 
Unit connected to the transducer via two coaxial 
cables. The transducer is attached by means of either 
Silicone Sealant (temporary or permanent) or Araldite 
Epoxy (permanent) to a specially designed Pqlyurethane-
lined, steel spool-piece. The system is c~librated to 
measure the exact bed-load particle velocity with this 
spool-piece and provide an indication of the velocity 
by means of a 4-20 mA output current which may be 
remotely sensed. 
II. INSTALLATION 
With reference to Fig. 1, the detachable terminal block 
under the front gland of the Electronic Processing Unit 
consists of 10 terminals for external connections: 
1 Ground ]---
4 - 20 mA output current 
2 Positive 
3 Ground ]--- Receiver 
4 Live 
5 Ground ]--- Transmitter 
6 Live 
7 Ground (No connection) 
8 Neutral 3-- 220 Vac 9 Earth Mains 
10 Live 
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1 2 3 4 -5 6 
...L + ...L 
0/4-20mA Rx Tx 
1181 1. SVllTCH ITT AT llAJNS BEfOR£ REPLAONG FUSEll 
7 
.m 
8 9 10 
N E L 
220 Voe 
2. 0/4-2CJnA CURRENT IS SENSED AT EITHER TERMINALS 1t2 CJ! AT FRONT PANEL SOCKETS. 
Fig. 1. Terminal Block Connections 
1. Mains Power Lead 
G. 3 
'' 
Ensure that the mains power 
terminals 8 (Neutral : blue), 9 
10 (Live : red) of the terminal 
220 Vac. (< 5A). 
lead is 
(Earth 
block. 
connected to 
yellow/green), 
Mains Supply is 
2. Transducer 
Ensure that the transducer comprising the receiver 
(Rx) and transmitter ( Tx) is connected to the 
Electronic Processing Unit via two 50 n co-axial 
cables (20 metres in length) as follows: 
One end of each co-axial cable is connected to each BNC 
socket on the transducer, the other end of each is 
connected to the terminal block. 
Note: The transmitter and receiver BNC sockets on the 
transducer may be interchanged ie. EITHER BNC 
socket may be used as the transmitter and 
receiver. 
Receiver ground (outer shield of co-ax)' to terminal 3. 
Receiver live (inner core of co-ax) to terminal 4. 
Transmitter ground (outer shield) to terminal 5. 
Transmitter live (inner core) to terminal 6. 
Un
ive
rsi
ty 
of 
Ca
pe
 T
ow
n 
G.4 
3. 4-20 mA Output Current Sensing 
The instrument converts a bed-load velocity into a 
current. The current may be sensed by any ammeter 
(multimeter) capable of measuring currents in the range 
of o to 20 mA. Sensing is at EITHER: 
(i) 4-20 mA output current sockets on front panel 
(red: +ve, black: gnd) 
(ii) Between terminals 1 (gnd) and 2 
terminal block. 
Notes: 
(+ve) on the 
1. Ensure that the impedance of the cable. or wire of 
the positive and ground connections is less than 
500 n in total. 
2. The current may be sensed at EITHER 3 (i) or (ii) 
above. 
3. If voltage remote sensing is required, then a 
resistor may be tied between either of the current 
out connections. The resistor value must be less 
than 500 n providing a maximum voltage output 
range from O V to 10 V referenced to ground of the 
instrument. 
4. If a voltage remote sensing arrangement is used 
then ensure that the 'Over-Range' LED indicator on 
the front panel (see III 5.3) does not illuminate. 
This is especially important when a large resistor 
(~ 500 n) is being used. The voltage output must 
not exceed 10 V. If the voltage output does 
exceed 10 V then either: 
(i) use a lower value resistor. 
(ii) adjust the 'Max Velocity' setting on the 
front panel (see III 4.1) to a larger value. 
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III. INSTRUMENT DETAILS _ 
The instrument details pertain to switches, sockets, 
indicators and the analogue panel meter etc. located on the 
front panel of the instrument as illustrated in Fig. 2. 
BED CONDmoN 
LED INDICATOR 
ANALOGUE PANEL 
METER DISPLAY -
-
~ 
~o 
\ 
MAX. VEl.OCllY (m/1) 
2 3 
0.5 l! 104 
BED LOAD VELOCIMETER 
HYDROTRANSPORT RESEARCH 
UNIVERSITY OF CAPE TOWN 
OVEll ltANCE 
0 
'6-20 mA 
0 
0 
RESPONS£ "TIME (1) 
, 2 
0.2 4 0.503 
0 
POWl:ll 
D 
Fig. 2. Front Panel Layout 
1. Power switch 
On / Off Mains power switch. 
..... 
-
'. 
OVER RANGE 
I.ED INDICATOR 
'4-20 mA 
OUTPUT CURRENT 
SENSING SOCKETS 
ROTARY smcHES 
-KAX VELOCITY 
-RESPONSE TDCE 
POWER LED 
INDICATOR 
POlfER ON/OFF 
SWITCH 
Note: When switching instrument on, allow approximately 
30 minutes 'warm-up' time before accurate results 
are taken. 
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2. 4-20 mA Output Current Sensing Sockets 
The instrument provides an output current to represent 
a bed-load velocity. The output current may be sensed 
at the 4-20 mA sockets. 
A 4 mA output current always represents a zero bed-load 
velocity. A 20 mA output current represents the 
maximum detectable velocity. This maximum detectable 
velocity may be adjusted with the 'Max Velocity' Rotary 
Switch (see III 4.1). For example, if the 'Max 
Velocity' is set to 2 m/s then a 20 mA output ~urrent 
represents 2 m/s. 
The bed-load velocity (VsED) may be calculated from the 
ouput current (lout) as follows (where v~x is the 'Max 
Velocity' setting): ' 
= 
(lout - 4 mA) 
16 mA 
X V~X 
eg. if lout = 12 mA and Vmax is set to 2 m/s then the 
bed-load velocity ( vBED) is equal to: 
(12 mA - 4 mA) 
= x 2 m/s = 1 m/s 
16 mA 
Note: When determining the bed-load velocity from the 
output current (lout), 4 mA must be subtracted 
from lout to account for the 4 mA offset for a 
zero bed-load velocity. Also, lout ranges from 4 
to 20 mA which is a span of 16 mA, hence the 
division by 16 mA in the above equations. 
3. Analogue Panel Meter Display 
The analogue panel meter provides a display of the 
4-20 mA ouput current as a percentage of the full 
scale deflection (FSD) of the meter. FSD (100%) 
represents a 20 mA output current. 
Any output current in the range of O to 20 mA is 
represented as a percentage. If lout is the output 
current, then the meter displays this current as a 
percentage as follows: 
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I out 
Meter % = x 100% 
20 mA 
eg. if rout = 10 mA then Meter % is equal to: 
10 mA 
Meter % = x 100% = 50% 
20 mA 
The 4 mA output current for a zero bed-load velocity 
(ie. stationary bed) is represented by 20% as fdllows: 
4 mA 
Meter % = x 100% = 20% 
20 mA 
4. Rotary Switches 
Two rotary-switches allow adjustments to be made in the 
measurement of the bed-load velocity. 
4.1. Max Velocity (m/s) Setting 
The 'Max Velocity' setting provides for six disrete 
maximum velocity settings as follows: 
0.5, 1, 2, 3, 4, 5 m/s. 
It allows bed-load velocities that lie in different 
ranges to be accurately determined. The 'Max Velocity' 
should be set to a value exceeding the highest expected 
bed-load velocity. Higher values allow a wider range 
of velocities to be measured. Lower values allow a 
particular bed-load velocity to be more accurately 
determined. 
4.2. Response Time (s) Setting 
The 'Response Time' setting provides for six discrete 
response time settings as follows: 
0.2, 0.5, 1, 2, 4, 8 seconds 
A longer (slower) response time performs more velocity 
averages, wheras a shorter (quicker) response time 
provides a quicker response to changing bed-load 
Un
ive
rsi
ty 
of 
Ca
pe
 T
ow
n 
G.a 
velocities. A quicker response time is usually used to 
'observe' a pulsating bed. 
5. LED Indicators 
Three Light Emitting Diode (LED) indicators represent 
the status of the instrument. 
5.1. Power 
'' 
The Power LED will illuminate when the system obtains 
power from the mains. 
5.2. Bed Condition 
The 'Bed Condition' LED provides information about the 
bed-load. 
(i) The LED will be extinguished when a stationary 
bed exists (ie bed particles are settled). 
(ii) The LED will flash when the bed begins to settle. 
A slower rate of flashing signifies longer 
periods of settling. 
A quicker rate of flashing signifies more bed-
load particles beginning to move. 
(iii) The LED will illuminate when all the bed-load 
particles are in motion. 
5.3. Over-range 
The 'over-range' LED provides information about the 
current output from the instrument. For correct 
operation, this LED indicator should be extinguished at 
all times. If it is illuminated it signifies that an 
output current exceeding 20 mA is being provided by the 
instrument. To prevent . this current over-range 
condition from occuring, the 'Max Velocity' Rotary 
switch (see III 4.1) should be set to a higher value. 
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APPENDIX H 
INDUSTRIAL VERSION OF THE UDBV INSTALLED AND TESTED AT 
ERGO. ROSSING URANIUM AND THE CHAMBER OF MINES 
1 
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